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Chapter 1. Introduction and objectives 
 
1.1 Motivations 
One of the greatest challenges facing modern society is the reduction of climate change 
and the development of sustainable materials. With this in mind, the production of protective 
and decorative coatings, which has traditionally been dominated by solvent based products, is 
gradually being shifted towards the use of waterborne dispersions. Such coatings imply the 
formation of a film which often needs to satisfy several seemingly contradictory requirements 
with regards to mechanical properties. One common example is the necessity for outdoor 
coatings to be both capable of forming a film at relatively low temperatures whilst being hard at 
the same temperature. Solvent based coatings easily fulfill these requirements. Matching their 
performance with waterborne coatings is not trivial and often potentially toxic additives, such as 
coalescing agents, have to be added to the formulation. Efforts are now devoted to synthesize 
latexes presenting good properties whilst adding a minimum of additives. One way to do this is 
through the use of a blend of two latexes with different glass transition temperatures (Tgs). One 
latex with a low Tg to form a film at low temperature and the other one with a higher Tg, to 
provide film hardness. However, blending leads to non homogenous films and the properties of 
the film are affected.1 A more uniform distribution of the two phases in the film can be obtained 
by using heterogeneous polymer particles (also called hybrid particles). In this case, two 




positive properties of their constituents. Although such polymers are typically incompatible, 
their phase separation during film formation can be controlled by grafting reactions.2–6 
Recent works showed that controlling the morphology of hybrid particles is not trivial.1,7–
13 Interestingly, much less attention has been paid to the fact that application properties are 
really determined by the film morphology and that the relationship between the particle 
morphology and the film morphology is not evident. The goal of this PhD Thesis is to shed 
some light on this relationship. Therefore, as it is expected that the film morphology is affected 
by the particle morphology and the film formation process, the knowledge available about these 
aspects will be summarized in the next sections. 
 
1.2 Synthesis of hybrid particles 
A variety of chemical and physical methods exists for the synthesis of structured 
polymer particles with different morphologies. Of these, emulsion polymerization is the most 
common for the synthesis of waterborne polymer-polymer hybrids due to its versatility to 
control the properties of the final product. Miniemulsion polymerization is more adequate when 
hydrophobic monomers, preformed polymers and inorganic particles should be included in the 
polymer particles.14–19 
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1.2.1 Emulsion polymerization 
Emulsion polymerization is a technique that leads to colloidal polymer particles 
dispersed in water with an average particle size that usually is in the range 80 - 300 nm. These 
polymeric dispersions, often called latexes, are produced by free radical polymerization. 
Properties of the final latex are determined during polymerization through the formulation 
(monomers, stabilizer, initiator, crosslinkers) and the process variables (type of reactor, 
temperature, feeding strategies). Commercial latexes are mostly prepared in stirred tank 
reactors operated semicontinuously, whereas batch processes are only used to polymerize 
monomers with similar reactivities and low heat of polymerization. However, this process will 
be discussed first in order to outline the fundamental basis of emulsion polymerization. 
 
1.2.1.1 Batch emulsion polymerization 
In a batch emulsion polymerization, all the compounds of the formulation, except the 
initiator, are charged into the reactor. The monomers are dispersed in the water phase forming 
monomer droplets stabilized by a surfactant. Depending on the formulation, surfactant micelles 
may also be present, with some surfactant also free in the aqueous phase. The reactor is 
heated to the reaction temperature and usually a water-soluble initiator (aqueous phase) is 
added as a shot (thermal initiator) or fed during a part of the reaction time (redox initiator). 





Figure 1-1: Intervals in the batch emulsion polymerization.22 Reproduced with permission from 
John Wiley and Sons 
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Interval I: Particle nucleation. Once the initiator is in the reaction medium, radicals are formed. 
Typically, radicals formed in the aqueous phase are too hydrophilic to directly enter into the 
organic phase and therefore, they propagate with monomer dissolved in the aqueous phase. 
After adding some monomer units, the oligoradicals become hydrophobic enough to enter into 
the micelles. A polymer chain is formed by propagation of the oligoradical in monomer swollen 
micelle. A micelle containing at least one polymer chain is called a polymer particle. This 
process is called heterogeneous nucleation.20,21 The oligoradicals that do not enter into 
micelles will continue to grow in the aqueous phase until reaching a critical length at which they 
are too hydrophobic and precipitate. The precipitated chain is stabilized by the surfactant 
present in the aqueous phase and monomer diffuses into the new polymer particle. This 
second process is called homogenous nucleation.23 Additionally, a third nucleation process 
known as droplet nucleation can occur by radical entry directly into the monomer droplets, 
although due to the very low surface area of the droplets compared to micelles this process is 
extremely unlikely in a typical emulsion polymerization. The end of this interval occurs when all 
the particles are formed, for a monomer conversion of 5-10% (depending on 
surfactant/monomer ratio). Due to the increase of the number of particles, the polymerization 
rate increases in this interval. 
 
Interval II: In this interval, monomer droplets and polymer particles coexist. Polymer particles 
are the main loci of polymerization. The monomer consumed in the polymer particles are 
replaced by monomer which diffuses from the droplets to the polymer particles, namely the 




insoluble monomers. If the rate of monomer transport is fast enough, the monomer 
concentration in the polymer particles remains constant in this stage meaning that the 
polymerization rate is almost constant during this interval. Particle size increases in this interval 
which ends when the monomer droplets disappear. This interval finishes at a conversion about 
25-40%, depending on the extent to which polymer particles are swollen by the monomer. 
Interval III: The monomer partitions between the polymer particles (main locus) and the 
aqueous phase. Monomer is mainly consumed by polymerization in the polymer particles and 
the concentration of monomer in the polymer particles decreases in this interval. As the 
number of particle remains constant, the polymerization rate decreases (although a gel effect 
may cause an increase in the polymerization rate). 
 
1.2.1.2 Semicontinuous emulsion polymerization 
In semi-continuous reactors, monomers, surfactant, initiator and water are continuously 
fed into the reactor. In continuous stirred tank reactors, the whole formulation is continuously 
fed into the reactor and the product continuously withdrawn. In seeded semi-continuous 
emulsion polymerization, the initial charge contains a pre-formed latex, called the “seed”, and 
some fraction of the formulation (monomers, emulsifier, initiator or water). In this system, 
emulsion polymerization does not follow the intervals described above and is typically in a 
steady state with the number of particles remaining constant and the monomer consumed by 
polymerization being replaced by monomer fed into the system. Having said that, nucleation of 
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new particles may still occur when there is enough emulsifier available to stabilize the 
oligoradicals, which precipitate in the aqueous phase (homogeneous nucleation). The 
likelihood of homogeneous nucleation increases with the water solubility of the monomers. 
Secondary particles may be desirable when bimodal particle size distributions are sought. In 
this case, heterogeneous nucleation is provoked by adding enough surfactant to form micelles. 
This is more likely to occur when mobile surfactant are used.24 Feeding the monomer faster 
than it is consumed by the reaction should be avoided because the polymer particles become 
saturated with monomer leading to the formation of monomer droplets which leads to problems 
in controlling the polymer properties.25 In addition, an excess of free monomer may jeopardize 
the safety of the operation.25 Because reproducibility of particle nucleation in emulsion 
polymerization is limited, seeded semicontinuous emulsion polymerization is often used to 
overcome this issue. Since the polymer particles in the seed latex have a high surface area, 
they efficiently capture radicals from the aqueous phase and thus nucleation of new particles is 
minimized, leading to better reproducibility. By varying the composition and amount of the initial 
charge and the composition and flow rates of the feeds, copolymer composition26–28, molecular 
weight distribution29–31, particle size distribution32,33 and particles morphology9,11,34 can be 
controlled. To form hybrid particles, a first polymer is used as a seed for the seeded emulsion 
polymerization of a monomer giving a second polymer. The particle morphologies that can be 
obtained by emulsion polymerization will be detailed in Section 1.3.1. 
Although emulsion polymerization is highly efficient process for the synthesis of many 
polymers, it presents certain limitations in the synthesis of hybrid particles. Particle growth 




particles by diffusion through the aqueous phase. In addition, the transport of inorganic filler or 
preformed polymer is impossible. To overcome this issue, droplet nucleation should be favored 
while other nucleation mechanisms (micellar and homogeneous nucleation) should be 
minimized or avoided. The direct nucleation of the monomer droplets can be enhanced if the 
droplet size is reduced and the surface area of the droplets is large compared to the micelles. 
This can be achieved by generating an initial emulsion containing droplets on the order of 50 - 
500 nm and this process is known as miniemulsion polymerization. 
 
1.2.2 Miniemulsion polymerization 
The main difference between miniemulsion polymerization35–43 and conventional 
emulsion polymerization is particle nucleation. In miniemulsion polymerization, the droplet size 
of the initial emulsions is made sufficiently small such that the nucleation occurs mainly in the 
droplets. 
Miniemulsions are submicron (droplet diameter ≈ 50 - 500 nm) oil-in-water dispersions 
which are stable for a period sufficient to allow polymerization. In miniemulsion polymerization, 
the monomers are dispersed in an aqueous solution of surfactant. A costabilizer (a 
hydrophobic, low molecular weight compound) is added to stabilize the miniemulsion against 
diffusional degradation (Ostwald-ripening).44 No micelles are present in the system because 
the surfactant is used to stabilize the large surface area of the droplets. Therefore, when 
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radicals are formed in the system, they enter into the droplets forming polymer particles, which 
makes droplet nucleation the main mechanism to form polymer particles.  
Formation of droplets in the region of 50 - 500 nm is the result of two consecutive 
processes: droplet break-up and coagulation.40,45 Generating small droplets requires 
substantial mechanical energy and several devices can be used to obtain the monomer-water 
dispersions including rotor-stators46,47, membranes48, static mixers49, sonifiers50 and high 
pressure homogenizers45,51. These devices rely on mechanical shear forces and/or cavitation 
to break the oil phase into submicron size droplets. High-pressure homogenization allows 
obtaining high-solids content dispersions of nanodroplets even for systems dealing with highly 
viscous organic phases.45,52 At the lab scale the most common technique is sonication. 
Usually, the surfactant is dissolved in the water and the oil phase is composed of the 
costabilizer dissolved in the monomers. Then, the oil phase is added to the water phase under 
vigorous agitation and the coarse emulsion is subjected to sonication under agitation. The 
sonifier tip produces ultrasound waves that cause the molecules to oscillate about their main 
position as the waves propagates. During the compression cycle, the average distance 
between the molecules decreases, whilst during rarefaction the distance increases. The 
rarefaction results in a negative pressure that may cause formation of voids or cavities 
(cavitation bubbles) that may grow in size. In the succeeding compression cycle of wave, the 
bubbles are forced to contract and may even disappear totally. The shock waves produced on 
the total collapse of the bubbles cause the break-up of the surrounding monomer droplets.53 
During the miniemulsification, agitation is required to ensure that all parts of the coarse 




waves. Therefore the quality of the miniemulsion depends on the flow pattern in the flask, the 
power applied and the sonication time.54 Droplet size decreases with the sonication time until a 
plateau is reached.  
As a result of nucleation predominantly occurring directly in the miniemulsion droplets, 
the diffusion limitations encountered in conventional emulsion polymerization can be overcome 
and the synthesis of polymer-polymer and polymer-inorganic colloidal materials with complex 
morphologies is possible. For example, for polymer-polymer hybrid,  Mehravar et al.19 
synthesized comb-like acrylic-based polymer latexes containing nano-sized crystallizable 
domains. A seed was prepared by miniemulsion polymerization of stearyl acrylate which led to 
the formation of crystalline domains. Then, acrylic monomers were fed or added as a shot in 
order to obtain different hybrid particles which different degrees of crystallinity. Another 
example is the synthesize of acrylic-polyurethane hybrid by Lopez et al. in order to improve the 
cohesive strength of adhesive.13 By addition of MMA in the acrylic polymer they obtained 
hemispherical particle morphology which led to an improvement of the properties of the 
polymer film (see Figure 1-2). Li et al.16 synthesized polyurethane / acrylic hybrid by redox-
initiated miniemulsion and a relatively small amount of surfactant. Particles with a diameter of 
50 nm were obtained. However, particle size increased with aging time due to the flocculation 
of the particles resulting from the chain extension reaction of NCO groups with water. 
Bisphenol A was used as chain extender to avoid this flocculation. Tsavalas et al.3 synthesized 
acrylic / epoxy resin core-shell particles (Figure 1-3). Latexes were obtained in which the 
polyester resin was grafted to the acrylic polymer, forming a water-based crosslinkable coating. 
  





Figure 1-2: AFM images of individual particles of the hybrid latex a) without and  b) containing 
MMA on a mica substrate.13 Reproduced with permission from American Chemical Society 
 
 
Figure 1-3: TEM images of particles morphology of acrylic / epoxy resin particles latex.3 




Miniemulsion is also used in the synthesis of polymer-inorganic material hybrid because 
no transport through the water phase is needed. Aguirre et. al. incorporated cerium oxide 
(CeO2) in acrylate latex particles hybrid by semi-batch emulsion polymerization.55,56 The seed 
was produced by miniemulsion polymerization containing the whole load of the metal oxide. It 
was found that the nanoparticles were preferentially located at the surface of the seed 
particles. They obtained a single aggregate of CeO2 particles per polymer particle due to the 
incompatibility between the CeO2 and the polymer (see Figure 1-4 a)). The hybrid dispersion 
led to UV protective coatings. Another example is the work of de San Luis et al.57. They used 
miniemulsion to encapsulate quantum dots into acrylic particles. This hybrid system can be 
used to improve the electronic transmission in electronic devices such as light emission diodes 
or solar cells.58–60 They showed that inefficient encapsulation led to a loss of fluorescent 
intensity of the quantum dots. This issue was solved by formation of cross-linked core/shell 
particles composed by a core of cross-linked polystyrene and quantum dots and a shell of 
cross-linked polymethyl methacrylate produced by seeded semi-batch miniemulsion 
polymerization (Figure 1-4 b)). Sun et al.15 encapsulated Laponite clay into polystyrene 
particles. Hydrophobicity of the clay is the key point for the success of the encapsulation and 
the stability of the latex. A quaternary ammonium salt was mixed with the clay in the monomer 
phase in order to disintegrate the agglomerates in the clay under sonication. Then, the 
miniemulsion was prepared by ultrasonication. The salt helped to stabilize the system with a 
nonionic surfactant. Gong et al.61 encapsulated magnetite into cross linked PS latex particles. 
After optimization of the formulation (surfactant and crosslinker amount), a homogeneous 
distribution of the magnetite in the particles was obtained (see Figure 1-4 c)). The magnetic 
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hybrid nanospheres being superparamagnetic are excellent candidates for biomedical 
applications after suitable surface modification. 
Miniemulsion is also employed to replace surfactant by solid particles in the so-called 
Pickering (mini)emulsion.62–67 For example, Gonzalez-Matheus et al.66 synthesized high solids 
content Pickering stabilized latexes using silica (see Figure 1-4 d)). The silica was modified 
with alkoxysilanes to make it less hydrophilic and maintain it stable in the aqueous medium. In 
her work, González et al.67 used surface modified titanium oxide as Pickering stabilizer in the 
miniemulsion polymerization of methyl methacrylate with butyl acrylate for self-cleaning 





a) b) c) 
   
d) e)  
  
 
Figure 1-4: a) TEM image of poly MMA/BA/AA latex synthesized with 2 wt% of CeO2 
nanoparticles synthesized by miniemulsion,56 b) Cryo-TEM micrograph of styrene/DVB 
monomer miniemulsion droplets containing QDs (0.32 wbm%),57 c) HR–TEM images of 
magnetic latexes synthesized,61 d) TEM image of the surface of the silica stabilized 
polymer particles synthesized by miniemulsion66 and e) TEM image of poly MMA/BA 
latex synthesized with 10 wbm% of TiO2.67 All reproduced with permission from Elsevier 
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1.3 Particle morphology 
Particle morphology is the result of the synthesis of particles containing two immiscible 
phases within the same particle. The incompatibility between the two phases leads to formation 
of structured particles in which particle morphology is determined by both kinetic and 
thermodynamic factors. Two important hybrid systems can be identified: polymer-polymer 
systems and polymer-inorganic material systems. 
 
1.3.1 Polymer-polymer systems 
Polymer-polymer hybrid particles can be produced by both emulsion and miniemulsion 
polymerization. In emulsion polymerization, particles of a given polymer (Polymer 1) are used 
as a seed for the seeded emulsion polymerization of monomer giving a different polymer 
(Polymer 2). In miniemulsion polymerization, one of the polymer phases is a preformed 
polymer that is dissolved in the monomer mixture. In both cases, monomers are polymerized in 
the presence of a preformed polymer and during polymerization of the monomers, phase 
separation occurs. Figure 1-5 shows the evolution of the particle morphology for a two-phase 
system. Before the addition of the initiator, the preformed polymer, which may be one of a 
variety of materials such as polystyrene,68 poly(acrylates),9,69 alkyd1, polyurethanes70, epoxy 
resins71 and polysiloxanes72 is swollen by monomers. After initiation of the polymerization, 
polymer chains are formed inside the preformed polymer matrix. When the concentration of 




clusters can grow due to polymerization within the clusters, by diffusion of polymer formed 
through the matrix and by coagulation with other clusters. In addition, clusters migrate toward 
the equilibrium morphology, which is determined by the interfacial tension between the various 
phases.34 However, the final morphology strongly depends on the kinetics of cluster migration. 
When the movement of the phases is not hindered, equilibrium morphologies are reached. 
Otherwise, non-equilibrium particle morphologies result from the hindered movement of the 
clusters due to the high internal viscosity of the particles. In this case, different particles 
morphologies can be formed such as: raspberry-like73,74 or occluded75,76 (see Figure 1-6). 
Occluded particles are formed when the second stage monomer polymerizes within the matrix 
formed by the first stage polymer and the viscosity of the matrix is high. Raspberry and multi-
lobed morphologies can result from the high viscosity of the second polymer which forms the 
lobes.74 This can be achieved by using polymers which are not soluble in their monomers such 
as polyacrylonitrile.74 Multi-lobed morphology can be form by a hard seed and a hydrophobic 
second monomer using water soluble initiator.75 
 
 










Figure 1-6: Illustrative examples of non-equilibrium morphologies: a) raspberry-like,73 
reproduced with permission of Springer Nature and b) occluded76 reproduced with permission 
of American Chemical Society 
 
The final morphology of hybrid particles is therefore controlled by both thermodynamics 
and kinetics. For two-phase polymer-polymer systems, the thermodynamic equilibrium 
morphology corresponds to the minimum overall surface energy, which depends on the 
interfacial areas and interfacial tensions between the polymer phases (γ12), and between each 
polymer phase and the aqueous medium (γ13, γ23).77. The calculation of the minimum overall 
surface energy is facilitated by the limited number of possible equilibrium morphologies 
achievable (core-shell, inverted core-shell and hemispherical) (see Figure 1-7). Figure 1-8 
displays examples of these morphologies. Inverted core-shell particles are obtained when the 
second stage polymer is more hydrophobic than the first stage one and the phases are not 
cross-linked.78 Hemispherical morphologies are formed when the two polymers have similar 






Figure 1-7: Diagram of thermodynamic equilibrium morphologies for polymer-polymer 
systems.34 Reproduced with permission from American Chemical Society 
 
a) b) c) 
   
Figure 1-8: TEM images of thermodynamic equilibrium morphologies: a) core-shell11, b) 
hemispherical11 and c) inverted core-shell.78 Reproduced with permission from a) and b)John 
Wiley and Sons and c) American Chemical Society 
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1.3.2 Polymer-inorganic systems 
By combining polymers and inorganic materials in a same particle, a large range of 
particle morphologies can be obtained leading to a broad diversity of applications. Such 
polymer-inorganic hybrids can be applied in medicine for drug delivery systems79, prostheses 
and implants80, medical diagnostic81, automotive coatings82, tooth paste83 and energy 
storage84. 
Polymer-inorganic systems can be synthesized by sol-gel process85, self-assembly 
techniques such as heterocoagulation86 or layer-by-layer assembly87, and in-situ 
polymerization88. However, (mini)emulsion polymerization is the most versatile technique for 
the synthesis of hybrid materials. Miniemulsion is used for encapsulation of inorganic material 
because no transport through the water phase is needed and the inorganic material can be 
relatively easily encapsulated.89 Pickering-stabilized systems (see Figure 1-9), in which the 
solid inorganic material resides at the latex particle surface, can be synthesized by both 
emulsion62,88,90–92 and miniemulsion40,64,66 but miniemulsion is favored because it allows to 









Figure 1-9: TEM images of colloidal silica armored polystyrene latex particles. Scale bars: a) 
50 nm and b) 100 nm.64 Reproduced with permission from American Chemical Society 
 
In polymer-inorganic systems, particle morphology is also the result of the interplay 
between kinetics and thermodynamics. The equilibrium morphology is, as in polymer-polymer 
system, the one that minimizes the surface energy of the system, which for a polymer-inorganic 
system is: 
𝐸 = 𝐴𝑃𝑊𝛾𝑃𝑊 + 𝐴𝐼𝑊𝛾𝐼𝑊 + 𝐴𝐼𝑃𝛾𝐼𝑃 + 𝐴𝐼𝐼𝛾𝐼𝐼  
 
(1-1) 
where 𝐴𝑖𝑗 and 𝛾𝑖𝑗 are the interfacial area and interfacial tension, respectively between phases i 
and j, where P, I and W represent polymer, inorganic material, and aqueous phase.94 Equation 
(1-1) includes the energy associated to the interaction between inorganic particles. In most of 
the cases, the inorganic material is surface-modified in order to make it hydrophobic and more 
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compatible with the monomers. This means that the interfacial tension 𝛾𝐼𝐼 can be negligible 
because when the surface-modified inorganic particles come into contact, the contact occurs 
between surfaces that are modified with the same material. With this assumption, Equation (1-
1) reduces to an equation that has the same mathematical form as the equation used to 
calculate the equilibrium morphologies for polymer-polymer systems.95 The minimization of the 
surface energy gives the map of morphologies (see Figure 1-10, the dark phase corresponds 
to the inorganic material and the clear one to the polymer). As in polymer-polymer hybrid, the 
final morphology depends on the kinetics of the inorganic material migration. Non-equilibrium 
particle morphologies may result from the hindered movement of the cluster due to the high 
viscosity of the particles. 
 
Figure 1-10: Diagram of thermodynamic equilibrium morphologies for polymer-inorganic 




1.4 Film formation of homogeneous particles latex  
“Latex film formation” is the process by which an aqueous dispersion of polymer 
particles is transformed into a continuous film. For latexes composed of homogenous particles, 
the film formation process is well established.96–103 The process can be split into three steps: 
(a) evaporation of water and particle ordering, (b) particle deformation and (c) interdiffusion of 
polymers across particle-particle borders (see Figure 1-11).96 These steps can overlap in time. 
The film formation process can result in differences in the final film morphology and therefore 
will directly affect the final film properties. 
 
 
Figure 1-11: Schematic representation of film formation104 
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Stage a: Evaporation of water and particle ordering 
The first stage involves removal of excess water by evaporation to achieve close-
packing of particles. This drying stage is an important step that significantly influences the 
distribution of particles in the latex film. Non uniform drying in both horizontal103,105–107 and 
vertical103,106,108,109 directions are observed. 
 
Vertical drying 
To understand the process of vertical drying, two timescales have to be taken in 
account: the one associated with the time required for the water to evaporate in a wet film, and 
the one corresponding to the time needed for a particle to diffuse from the top to the bottom of 
the film. The time for evaporation is H (wet thickness – dry thickness) divided by the 






The time for diffusion of a particle for the distance H from the top to the bottom of the 




























With kT being the thermal energy, μ the viscosity of the aqueous phase and R the particle 
radius (assuming that they are spherical).  
For Pe >>1, diffusion is relatively slow, and therefore a layer of close-packed particles 
accumulate at the top surface during water evaporation. In Figure 1-12, Ma et al. show the 
accumulation of particles at the air-film interface during film formation.107 If the particles deform 
and coalesce, a skin layer may be formed and the evaporation rate will decrease 
considerably.110,111 This will have an impact on the properties like cohesion and barrier 
resistance. Substrate corrosion and poor adhesion to the substrate can also result.  For Pe <<1, 
the particles are predicted to remain dispersed uniformly in the film. The particles order 
themselves fast enough to avoid being captured at the air-film surface. Moreover, Equation (1-
4) shows that uniform drying can be achieved with slow evaporation rates and thin films.  
  







Figure 1-12: Freeze fracture SEM image of cross-sections views a drying film cast from a PS 
latex  after different times of casting: a) 1 minute, b) 2 minutes, c) 6 minutes and d) 1 hour.107 





Horizontal packing and drying fronts  
In addition to non-uniform drying in the vertical direction, latex films do not dry uniformly 
in the horizontal direction.96,101,105–107,112 The film presents different fronts of different 
appearances while the film is drying (see Figure 1-13). At least two different fronts can be 
described. The boundary between a dilute dispersion and the packed particles (where water 
started to evaporate) is called the “particle front”. In a packed particle bed, a boundary is 
formed between the wet and dry region, which is called the “drying front”. These fronts are 
schematically described in Figure 1-14. It has to be point out that these results are only 





Figure 1-13: a) Formation and progression of lateral consolidation fronts107 and b) top view of 
film drying presenting horizontal drying fronts. Region “A” of the film is still fluid. Region “B” 
presents close packed particles and is saturated in water. Region “C” is dried.106 Reproduced 
with permission from Elsevier 




Figure 1-14: Schematic diagram showing the two different types of horizontal front.103 
Reproduced with permission from Springer Nature 
 
While the water evaporates, the particles become arranged in a close-packed form. This 
ordering can be random and the evaporation rate, controlled by temperature and humidity, has 
an impact on the particle ordering. Indeed, a fast evaporation prevents the formation of a 
crystal-like structure. On the other hand, crystal-like structures can be formed from 
monodispersed particles with a slow evaporation. In that case, crystals tend toward face-
centered cubic (FCC) packing.96 
 
Stage b: Particle deformation  
After close packing of the latex during the first stage, the particles usually start to 
deform. This is the second stage of film formation. The ideal result for the deformation is a 




leads to rhombic dodecahedral structure (see Figure 1-15). This configuration can be reach for 
bimodal systems if the size of the small particles allow them to fill the voids left by the big ones 
during particle ordering.113 If the small particles are softer than the big ones, their size does not 
need to be well-defined as they will deform more easily. The development of microscopy 
techniques has allowed the particle deformation stage to be observed and described. In 1952, 
Bradford observed that in optically-transparent and continuous films, there is significant particle 
deformation at the particle surface.114 This particle deformation is a result of several forces that 
begin to act upon the particles during drying. The dominant driving force for particle 
deformation is a reduction in the surface free energy which is balanced by the viscoelastic 
nature of the polymer. Therefore, interfacial tension between the latex polymer and either water 
or air have a decisive role in particle deformation.103 For polymeric materials, the response 
strongly depends on the viscoelasticity of the particles. Experimental observations pointed out 
that different deformation mechanisms occurred which are summarized in Figure 1-16 and will 
be discussed below. 
 
Figure 1-15: TEM image of a carbon replica of a fractured latex films presenting particles in an 
FCC array which deformed into rhombic dodecahedra.115 Reproduced with permission from 
American Chemical Society  




Figure 1-16: Possible mechanisms for particle deformation.103 Reproduced with 






Wet sintering  
Wet sintering involves the deformation of particles in presence of water (see Figure 1-
16.1). The driving force in that case is the interfacial tension between the particles and the 
water. If the particles fused together in water, the interfacial area between them is eliminated 
and the interfacial free energy is decreased. Dobler et al.116 observed particle deformation and 
compaction only due to the polymer-water interfacial tension. However, the rate of compaction 
under standard conditions is slow compared to the evaporation of water, so, under common 
conditions, wet sintering is not a dominant mechanism for film formation.66,69,82 
Dry sintering 
Dry sintering occurs when particles are deformed in the absence of water (see Figure 1-
16.2). It is a common mechanism in ceramic made from oxide powders.118 In the case of latex 
films, it is driven by the surface tension between the polymer and the air. To observe dry 
sintering, the water has to evaporate completely before significant particle deformation occurs, 
which in practice implies that the film is dried at a temperature under the polymer glass 
transition temperature, to avoid particle deformation. Then the temperature is raised in order to 
deform the particles.119 Sperry et al. compared a film form an acrylic latex (Tg = 50ºC) dried 
under these conditions and compare it with one dried under usual conditions. They observed 
that the minimum film formation temperature (MFFT) was the same in both cases, meaning 
that for that case, water was not relevant in the deformation of acrylic latex particles films at low 
temperature.104,120,121  




At a wet film surface, the water between particles forms a meniscus, which is a curved 
interface between air and water (see Figure 1-16.3). The radius of curvature depends on the 
wetting of the particles (given by the water contact angle on the polymer surface). The 
curvature of the air-water interface creates a negative pressure in the fluid, called the “capillary 
pressure” which compresses the particles below, as hypothesized by Brown. Under this 
compression the particles deform. The maximum pressure available, with a water-air surface 
tension of γwa, can be estimated geometrically as 12.9 γwa / Ro assuming a spherical meniscus 
within a triangular array of particle with initial radius Ro. The deformation is dependent on the 
polymer rheology. Brown assumed that particles were elastic with a shear rate G, and 
determined the pressure needed to achieve complete compaction of particles as 0.37G. He 
predicted that film formation occurred when the criterion G < 35 γwa /Ro holds true. Therefore 
the particle radius has to be below a critical size in order for film formation to occur. A key point 
is that the pressure difference across the meniscus is inversely proportional to its radius of 
curvature. Thus, a more tightly curved water surface will create a greater capillary 
pressure.104,122,123  
Receding water front 
Capillary rings or receding water front is an inhomogeneous regime (see Figure 1-
16.4).124 Deformation occurs initially by capillary deformation but residual water remains as 
pendular rings between the particles. The capillary pressure exerted by the pendular rings is 





Sheetz noticed that film formation is often vertically inhomogeneous, with a skin of dried 
polymer covering a fluid dispersion below (see Figure 1-16.5).100 The polymer skin significantly 
decreases the evaporation rate. Therefore, particles accumulated at the top surface and they 
have time to sinter by the wet sintering mechanism.104,117 
Figure 1-17 shows the map developed by Routh and Russel to determine the dominant 
mechanism for particular latex and drying conditions. This map can be used to tune the 
parameters such as the evaporation rate or the film thickness and its influence on the particle 
deformation mechanism. This deformation map depends on two dimensionless control 
parameters: λ and the Peclet number (Pe) (see Equation 1-4). The parameter λ is defined as 
the ratio between the time required for film compaction (which mean for complete particle 
deformation tdef) and the characteristic time for the evaporation of water tevap, considering that 












where η0 is the low shear viscosity of the polymer, and γwa is the water-air interfacial 
tension. A high λ value means that the time required for particle deformation is longer that the 
evaporation time of water. This implies that the deformation occurs when the water is gone, 
namely, by a dry sintering mechanism. On the other hand, if λ is low, the time for water to 
evaporate is higher that the deformation time of the particles meaning that the deformation 
occurs by a wet sintering mechanism. 





Figure 1-17: Routh-Russel deformation map for latex film formation.104 Reproduced with 
permission from American Chemical Society  
 
Stage c: Diffusion across particle/particle boundaries 
The last stage involves interdiffusion of the polymer across particle interfaces to fuse the 
particles boundaries (see Figure 1-18). Interdiffusion of polymer chains occurs at temperature 
above their glass transition temperature and it is driven by Brownian motion.125,126 Good 
cohesion of a latex film is achieved when the polymer chains from different particles have 




radiative energy transfer have shown that interdiffusion of polymer chains does indeed occur in 
homogenous latex particles.125,127–132  
 
Figure 1-18: Schematic representation of polymer interdiffusion in a latex film.103 Reproduced 
with permission from Springer Nature 
 
Several factors affect polymer interdiffusion in latex films of which the molecular weight 
of the polymer chains and the difference of temperature between the Tg of the polymer and the 
temperature of film formation are the most important.  
Tomba et al.131,132 studied the impact of blending two latexes presenting a high and low 
molecular weight on polymer interdiffusion. They found that better diffusion of the chains 
occurred between long and small chains than between two long chains. The chains having 
different molecular weights present different Tg and the low molecular weight polymer (Mn = 
6.4 kg/mol) serves as a plasticizer for the higher molecular weight polymer. In a more general 
way, the interdiffusion is proportional to the inverse of the square of the molecular weight of the 
polymer.125  
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Wu et al.130 investigated the temperature dependence of polymer diffusion. They used a 
latex with a Tg = 28 ºC and measured the polymer diffusion by fluorescence resonance energy 
transfer. For this technique, two near identical latexes are labeled with fluorescent dyes; one 
with a donor dye and the other one with an acceptor dye. The two latexes were blended and 
their film formation studied. When the polymers diffuse, the donor and acceptor come closer 
and an increase in the extent of energy transfer is measured. Fluorescence decay profiles are 
measured and the quantum efficiency of energy transfer related to the fraction of molecular 
mixing is calculated from the changes in the area under the decay profiles. The extent of 
mixing of the polymer chains is determined with the parameter fm(t) which gives the extent of 
mixing of polymer chains after annealing of the film for a time t. Figure 1-19 shows the value of 
the extent of mixing for different annealing temperature and times. They showed that by 
increasing the temperature of film formation polymer, diffusion was faster. 
 
 
Figure 1-19: Plot of the extent of mixing vs annealing time.130 Reproduced with permission 




1.5 Film formation of heterogeneous particles latex 
As highlighted in the motivations, one way to satisfy conflicting application requirements 
is by using a blend of two latexes with different Tgs.113,132–138 The soft polymer helps to form a 
coherent film under ambient conditions, leading to a continuous film with a dispersed phase of 
hard polymer, which enhances the mechanical properties.137 For example, Geurts et al.137 have 
shown that through a clever choice of the components of the blend the development of high 
performance volatile organic compound (VOC)-free paints is possible. This was achieved by 
using a blend of large soft and small hard particles and adjusting the relative stability of the two 
dispersions. The resulting film presented an internal structure of connected hard polymer 
domains embedded in a matrix of soft polymer (a honeycomb structure of hard small particles 
in a soft polymer was used to illustrate the film structure in Figure 1-20).11  
A substantial amount of research has been conducted to correlate the characteristics of 
the blend (composition of the latexes, particles size, ratio between the two latexes, etc.) to the 
film morphology and properties.113,124,134,136,137,139–143 Indeed, film formation process of a latex 
blend is not trivial and stratification can often occur.142,144–147 Makepeace et al.142 showed that 
stratification occurred for blends of large soft particles and small hard ones for high size ratio 
and/or high volume fraction of small particles (Figure 1-21). While in certain cases stratification 
can be attractive, such as in the production of multilayer coatings,148 in most cases, 
homogeneous films are desired and phase separation can lead to an unwanted decrease in the 
physical properties of the resulting films.143,149,150 
 




Figure 1-20: a) Model image of a film morphology which enhance the mechanical properties 





Figure 1-21: a) SEM image of cryo-fractured cross-sections of dried films with a 
large:small size ratio = 7, a volume fraction of small particles = 0.2 and a total initial 
volume fraction of particles = 0.4, and b) Cross-sectional visualisation of the results of 
a Langevin dynamics simulations. The small particles are shown in yellow.142 





Multiphase acrylic particles show great potential to overcome the issues that arise when 
using latex blends, as there is a homogeneous distribution of the two phases throughout the 
polymer film.151 Moreover, the film morphology discussed by Geurts et al. can be translated to 
hybrid particles containing a soft core and a hard shell. At first sight, one would expect that 
such particles would be resistant to the deformation needed to undergo film formation, and 
indeed it has been shown that poly(butyl acrylate) core - poly(methyl methacrylate) shell 
particles with the same amount of polymer in core and shell do not form film at room 
temperature.2 However, it has been reported that under conditions that either reduce the 
resistance to deformation (thinner and lower Tg shells) or that increase the driving force for 
deformation (smaller particles), films can be formed from VOC-free soft core-hard shell 
particles. Thus, using poly(butyl acrylate) core- poly(methyl methacrylate) shell particles Dos 
Santos and Leibler found that macroscopically homogeneous and transparent films could be 
obtained by limiting the PMMA contents to 30 wt%.69,152 TEM images show that they obtained 
the morphology described by Geurts et al. (Figure 1-22). Although the films were ductile, 
resisting deformations up to 150%, perhaps due to the soft core, the yield stress was limited to 
2 MPa. Price et al.153 used a Tg ≈ 3 ºC core and a Tg ≈ 60 ºC shell and found that MFFT 
increased from < 0 ºC for 75/25 wt/wt core/shell particles to 20 ºC for 65/35 and to 35 ºC for 
50/50 particles. However, both 65/35 and 50/50 gave poor films when formulated as paints. In 
addition, the increase of the core Tg forced the decrease of the amount of shell. Using a beam 
bending technique, they showed that films cast using particles with a thicker hard shell tend to 
crack during drying due to the restricted deformation and limited strength development in the 
particle network. On the other hand, Heuts et al. reported that MFFT and Konig hardness were 
determined by the ratio between soft (Tg = 5 ºC) and hard (Tg = 60 ºC) phases with almost no 
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effect of the particle morphology (soft core-hard shell vs. hard core-soft shell). Unfortunately, 
film morphology that might have helped to understand this result was not studied. In addition, a 
relatively low value of the yield stress was obtained (≈ 3 MPa). A common characteristic of 
these works is that a very soft polymer is used for the core, which leads to relatively low yield 
stress and puts a limit on their practical application. 
 
 
Figure 1-22: TEM image of a film from PBA/PMMA particles in a ratio 80/20 stained with 
RuO4.152 Reproduced with permission from John Wiley and Sons 
 
Homogenous transparent films can be obtained with the hard phase located in the seed 
polymer. Film formation from particle dispersions with different morphologies (at 




hemispherical particles with a hard seed (PS) and a soft second-stage polymer (styrene 
/butadiene: 50/50 wt/wt). A core-shell morphology was obtained for a pure PS seed and more 
irregular core was obtained with a PS core cross-linked using divinyl benzene (DVB). The latex 
formed a continuous film by visual inspection. Figure 1-23 presents the TEM images of the 
polymer particles and the cross-section of the film with the DVB in the core of the particles. It 
shows that no large phase separation occurred during film formation. Moreover the latex with 
the crosslinked PS core particle led to a more reinforced film than the pure PS core particles 
latex. Schuler et al.9 synthesized different particles with non-equilibrium morphologies by 
varying the relative amounts soft (BA/MMA/AA: 65.7/32.8/1.5) and hard polymer (MMA/AA: 
98.5/1.5) phases in the composite latex. They showed that particle morphology was maintained 
during film formation without phase migration (see Figure 1-24). As may be expected, it was 
observed that tensile strength increased and elongation at break decreased with the increase 
of hard phase in the system but due to the different hard/soft ratios, it was not possible to 
isolate the effect of particle morphology on mechanical properties. 
  
  





Figure 1-23: a) TEM image of a latex particles with DVB in the seed and a ratio soft/hard: 
50/50 b) TEM image of a cross-section of a film cast from the same latex.68 Reproduced with 




Figure 1-24: a) TEM image of a latex particles with a ratio soft/hard: 65/35 b) AFM phase 





Yuan et al.154 synthesized hemispherical particles with a hard seed (Tg = 74 ºC) and a 
soft second-phase polymer (Tg = 23.2 ºC) with a 50/50 wt/wt ratio between the two phases. 
They cast a film from this latex at 25 ºC for 2h and then annealed the film at different 
temperatures (40, 60, 80, 90, 100 and 120 ºC). Figure 1-25 shows the SEM images of the 
fractured films. The film dried at 25 ºC showed cracks because the drying temperature was too 
close to the Tg of the soft phase to allow sufficient particle deformation. Moreover, the hard 
phase of the particle did not deform. With annealing at 80ºC, a more homogeneous film was 
obtained without cracks due to the good interdiffusion of the soft polymer chains, but the hard 
phase remained undeformed. When the annealing temperature was above the Tgs of both 
polymers, sufficient mobility of both phases led to phase separation. Phase separation was 
confirmed by a decrease of the film transparency. Water resistance of the films was improved 
increasing the annealing temperature until 100ºC due to the formation of micro-pinholes and 
cracks at the surface of the film above this temperature. This work showed that film 
morphology (and so, film properties) can be tuned by varying the drying conditions. 
  








Figure 1-25: SEM cross-section images of hemispherical particles latex films for a film 
annealed for 120 min at a) 25 ºC, b) 80 ºC and c) 120 ºC.154 Reproduced with permission from 
Elsevier 
 
Lee155 studied core-shell particles with PMMA core and PS shell synthesized by 
surfactant-free emulsion polymerization with a ratio PMMA/PS: 1/2. A film was cast at 180 ºC 
and film morphology and properties were measured after different annealing times up 180 min. 
After 90 min of annealing, movement of the phases gave a film with a PS continuous phase 




morphology led to an increase of the film tensile strength. After 180 min of thermal annealing, 
large clusters of PMMA were formed leading to a decrease of film properties. 
 
In the case of film formation from polymer – inorganic hybrid particles latexes two main 
film morphologies can be obtained depending on the location of the inorganic material in the 
particle. On one hand, the inorganic material can surround the particles, acting as stabilizer. 
Common inorganic materials used as stabilizers are: clay4,156–159, titanium dioxide17,67 or 
silica62,160–162. Honeycomb-like structure are mainly obtained from this particle morphology, the 
inorganic material acting as a barrier between the polymer chains contained in each 
particle.159–161 Gonzalez-Matheus et al.161 synthesized latex particles stabilized by silica by 
miniemulsion polymerization. They showed that, surprisingly, this film morphology led to an 
increase in Young’s modulus and stress at break maintaining the elongation. Moreover, as 
temperature increased during film formation, an increasing number of these barriers were 
broken allowing interpenetration of the polymer from different particles (Figure 1-26). 
Ruggerone et al.157 synthesized polystyrene particles with laponite platelets bounded to the 
particle surface. This particle morphology led to a film with a uniform dispersion of laponite in 
the polymer matrix (see Figure 1-27). 
  









Figure 1-26: TEM image of a film prepared with a latex stabilized with 7.5 wt% of modified 







Figure 1-27: TEM images of a) polystyrene / laponite hybrid particles and b)the cross-section 
of a film cast from this latex.157 Reproduced with permission from Elsevier 
 
On the other hand, inorganic materials can be encapsulated inside the polymer 
particles. Quantum dots57,163, cerium oxide55,163 or silica164,165 were successfully encapsulated 
and transparent films were obtained with the inorganic material dispersed homogeneously in 
the polymer matrix. Aguirre et al. synthesized by seeded semibatch emulsion polymerization 40 
wt% solids content latexes with 0.5, 1 and 2 wt% of CeO2 particles.55,56 The seed containing all 
the inorganic particles was produced in situ by miniemulsion polymerization. It was found that 
at the end of the polymerization, CeO2 particles were preferentially located at the particle – 
aqueous phase interface. In the subsequent seeded semibatch polymerization, the 
nanoparticles were encapsulated with poly(methyl methacrylate-co-butyl acrylate). Films 
casted from the hybrid latexes were transparent and good distribution of the CeO2 was 
obtained (see Figure 1-28). Moreover the films showed substantially higher UV absorption than 
pure polymer films. 




Figure 1-28: TEM image of a film cast from an acrylic/CeO2 hybrid particles latex synthesized 
with 2 wt% of CeO2.56 Reproduced with permission from Elsevier 
 
1.6 Objectives 
The main goal of this thesis is to study how film morphology is influenced by the 
morphology of the waterborne particles from which the film is formed. Film morphology directly 
affects application properties and therefore, controlling film morphology would allow ultimately 
for control over the physical properties of the film. In all the examples given above a direct link 
between the morphology of the particle and the morphology of the film cast from the latex 
dispersion was not possible as a result of the often radical differences between polymer 
compositions when comparing different particle morphologies. Therefore, in this work, specific 
polymer-polymer hybrid systems are chosen that allow for the isolation of the potential effects 




1.7 Outline of the thesis 
In Chapter 2, hybrid particles containing a hard, high Tg seed 
(Styrene(S)/Acrylamide(AM), Tg = 101 ºC) and a low Tg (Methyl Methacrylate(MMA)/Butyl 
Acrylate(BA)/Styrene(S), Tg = 13 ºC) second phase polymer were synthesized. Different 
particle morphologies were obtained by varying of the amount of AM in the seed and that of S 
in the second-stage polymer. Film morphologies and properties for films cast at 60 ºC were 
compared in order to find a link between particle morphology and film properties. Moreover, the 
effect of annealing temperature on film morphology was investigated. 
In Chapter 3, soft core - hard shell latex particles synthesized by seeded semi-
continuous emulsion polymerization are discussed. The aim is to maximize the 
interconnectivity of the hard phase in the resulting polymer film, thus generate films with 
improved mechanical properties. The soft core is comprised of a Styrene(S)-Butyl Acrylate(BA) 
copolymer with a Tg around room temperature. The composition of the second-stage polymer 
was varied (MMA/BA from 70/30 to 100/0) as well as the ratio between the core and the shell 
(from 40/60 to 90/10) in order to obtain particles with the same soft core with different hard 
shells. Films morphology and properties were measured. The effect of annealing temperature 
on film morphology and properties was also investigated. 
In Chapter 4, the study the curing process of an alkyd resin in films cast from a hybrid 
acrylic/alkyd particles latex is discussed. First, the effect of catalysts on the curing of the alkyd 
in the polymeric film was explored using an AFM based nanomechanical mapping technique. 
The influence of the curing process on the film morphology and properties were investigated. 
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In Chapter 5, the synthesis, characterization and performance of waterborne acrylic / 
alkyd hybrid particles dispersions for coating applications are presented. Different particles 
morphologies were synthesized changing the alkyd resin used and the acrylic composition. 
These different latexes were used as binders in paints formulations and the main properties of 
the paints were studied and compared to paints prepared with binders composed of a 
homogeneous particles (namely, an alkyd dispersion) and also with a blend of acrylic particles 
and alkyd particles. 
In Chapter 6, cellulose nanocrystal armored latex particles are discussed. Cellulose 
nanocrystals (CNCs) were used as Pickering stabilizer in emulsion polymerization process. A 
cationic initiator was used to ensure the adsorption of the negatively charged CNCs onto the 
latex particle surface. Films cast from the CNC armored latexes were studied by atomic force 
microscopy. The mechanical properties of the films were measured. Blends of the CNC 
armored particles with a regular latex were performed in order to explore the potential to 
produce mechanically tough polymer films for use in conventional coatings applications. 
In Chapter 7, blends of acrylic polymer particles containing cationic surface charges 
with cellulose nanocrystals were studied. Interactions between the CNCs and the polymer 
particles led to specific film morphologies and properties. Moreover, blends of acrylic polymer 
particles with anionic surface charges were also blended with CNCs for comparison. The effect 
of the concentration of CNCs in these blends was studied on film morphology and properties. 




In order to avoid repetition of the experimental and characterization techniques, a 
detailed description of the characterization methods is given in Appendix I. Finally the 
Abbreviations used in the thesis is listed. 
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Chapter 2. Influence of particle morphology on 
the structure and mechanical properties of 
films cast form polystyrene / poly 
(meth)acrylic hybrid latexes 
 
2.1 Introduction 
As pointed out in Chapter 1, the synthesis of polymer-polymer particles by emulsion 
polymerization to obtain different morphologies has been extensively studied.1–9 However, it is 
not well known how the particle morphology influences the morphology and mechanical 
properties of films cast from such latexes. Therefore, the objective of this chapter is to see if 
film morphology can be engineered via the particle morphology to control mechanical 
properties. To this end, different particles morphologies with similar molecular weights and near 
identical formulations were targeted. We focused on pure acrylic latexes containing a hard 
seed (Styrene(S)/Acrylamide(AM), Tg = 101 ºC) and soft second stage polymer (Methyl 
Methacrylate (MMA)/Butyl Acrylate(BA)/Styrene(S), Tg = 16 ºC). The films morphologies and 
mechanical properties form the hybrid particles latexes were studied. In addition, a comparison 
with a blend of the two polymers with the same composition of the multiphase particles was 




The last part of this chapter is focused on the study of film morphologies obtained after thermal 
treatment of the films previously discussed. 
 
2.2 Experimental part 
2.2.1 Materials 
Methyl methacrylate (MMA, technical grade, Quimidroga), butyl acrylate (BA, technical 
grade, Quimidroga), styrene (S, technical grade, Quimidroga) and acrylamide (AM, >98%, 
Sigma-Aldrich) were used as received. Potassium persulfate (KPS, >99%, Sigma-Aldrich) was 
used as thermal initiator. Sodium lauryl sulphate (SDS, >99%, Sigma-Aldrich) was used as 
conventional surfactant. GPC grade tetrahydrofuran (THF, Scharlau) was also used as 
received.  Deionised water was used throughout the work. 
 
2.2.2 Polymerizations 
Latexes with very similar overall composition but different particle morphology were 
synthesized. For the first latex M1 a core-shell morphology was sought. A poly(styrene) (S) 
seed was prepared  and a mixture of methyl methacrylate (MMA)/butyl acrylate (BA) (50/50 
wt/wt) formed the second stage polymer in a seeded semicontinuous emulsion 
copolymerization. It was expected that the higher hydrophilicity of the second stage polymer 
led to a core-shell morphology. For the second latex, M2, a hemispherical morphology was 
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desired. For this, the hydrophilicity of the seed was increased by including some 
acrylamide(AM) (S/AM (with = 99.5/0.5 wt/wt) while maintaining the composition of the second 
stage polymer. M3 was synthesized increasing again the amount of acrylamide in the seed 
(S/AM: 98/2 wt/wt). Also aiming at hemispherical morphologies, a fourth system, M4, was 
synthesized with the same seed as M2 and including some styrene in the second stage 
polymer (MMA/BA/S = 45/50/5 wt/wt), which will increase the interfacial tension between the 
second stage polymer and water and decrease the interfacial tension between the two polymer 
phases. In all cases, the ratio between the seed and the second-stage polymer was 40/60 and 
the solids content was 50 wt %. The seeds were prepared using the formulations in Table 2-1. 
A solution composed of 1% of the total surfactant (sodium dodecyl sulfate, SDS) and 50% of 
the total water was charged into in a 1-L glass reactor equipped with a reflux condenser, a 
stainless steel anchor type stirrer, sampling device, and nitrogen inlet. The rest of the 
formulation was fed during 3 hours and afterwards the latex was left to react for another hour. 
Potassium persulfate (KPS) was used as thermal initiator. The reaction temperature was 70 ºC 
and the agitation rate was 150 rpm. The second stage polymer was obtained by seeded 
emulsion copolymerization carried out at 70 ºC using the formulations in Table 2-2. The seed 
latex was charged to the reaction and the rest of the chemicals were stirred to form a pre-
emulsion. This pre-emulsion was then fed into the reactor for 3 hours and left to react in batch 
for another hour. Moreover, two single-phase latexes were synthesized at 70 ºC in the same 
manner as the seed latex using the formulations in Table 2-3. The formulations of these two 
latexes correspond to the two phases of the latex M4. Then, a blend (B4) was prepared with a 
ratio La/Lb: 40/60. The composition of the different systems are summarized in Table 2-4.Films 




mm x 40 mm x 0.6 mm) and allowed them to dry at 60 ºC and 55% of relative humidity for 24 
hours. Then, one sample of each film was annealed at 150 ºC for different times: 15 min, 4h 
and 20h. 
Table 2-1: Formulation of the seed latex. T = 70 ºC 
Compounds S1 (g) S2 (g) S3 (g) 
Water 135.1 135.1 135.1 
SDS 3.9 3.9 3.9 
KPS 1.04 1.04 1.04 
AM 0 0.65 2.6 
S 130 129.35 127.4 
 
Table 2-2: Formulation of the semi-batch second stage polymerizations. T = 70 ºC 
Compounds M1 (g) M2 (g) M3 (g) M4(g) 
Seed 
S1 S2 S3 S2l 
270.04 270.04 270.04 270.04 
Water 202.6 202.6 202.6 202.6 
SDS 3.73 3.73 3.73 3.73 
KPS 0.93 0.93 0.93 0.93 
MMA 99 99 99 89.06 
BA 99 99 99 98.95 
S 0 0 0 9.9 
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Table 2-3: Formulation of the semi-batch polymerizations for the blend preparation. T = 70 ºC 
Compounds La (g) Lb (g) 
Water 202.72 202.72 
SDS 5.85 5.85 
KPS 1.56 1.56 
AM 0.98 0 
S 194.03 9.75 
MMA 0 87.75 
BA 0 97.5 
 





Core / Shell 
(% wt/wt) 
M1 100/0 50/50/0 40/60 
M2 99.5/0.5 50/50/0 40/60 
M3 98/2 50/50/0 40/60 
M4 99.5/0.5 45/50/5 40/60 
La 99.5/0.5 0 100/0 






The particle size of the final latexes were measured by capillary hydrodynamic 
fractionation (CHDF). Residual monomers were measured by gas chromatography (GC). 
Solids content of the latexes was measured by gravimetry. Glass transition temperature, Tg, of 
the acrylic polymer was measured by differential scanning calorimetry (DSC). The gel content 
of the polymers was determined by Soxhlet extraction. The molecular weight distributions were 
determined by gel permeation chromatography (GPC). Particles and film morphologies were 
determined by transmission electron microscopy (TEM). The mechanical properties of the films 
cast from the synthesized latexes were determined by tensile test measurements. A detailed 
description of the characterization methods is provided in Appendix I. 
 
2.3 Results and discussion 
2.3.1 Latexes characterization and particle morphologies 
Table 2-5 summarizes the results for the polymerizations for the seed latexes and the 
hybrid particles as well as the Tgs of the phases and the minimum film formation temperature 
(MFFT) of the films cast from the latex dispersions (see Table 2-4 for the compositions of the 
latexes). In all cases, conversion of the first stage polymer (seed) was high (X>95 %), although 
due to the glass effect some residual monomer was observed. For the final hybrid polymers, 
conversions greater than 99% were achieved in all cases. All the hybrid latexes presented 
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similar particle size, molecular weights, dispersities (ᴆ) and gel content with the exception of 
latex S3 which had 19% of gel content. This was most likely caused by physical interactions 
(hydrogen bonding) due to the acrylamide in the system rather than being a truly chemically 
cross-linked system. In addition, it is possible that the use of acrylamide may result in 
increased amount of intermolecular chain transfer to polymer which can lead to some 
chemically crosslinked material.10  
 
Figure 2-1 presents the derivatives of the reversible heat flow measured by differential 
scanning calorimetry (DSC) of all samples for the first and second heating cycles. This gives 
information about the Tg of the phases as well as about the interaction between the two 
phases. For the current systems that have widely different Tgs any significant shift of the Tgs or 
the presence of peaks between the Tgs will indicate phase interpenetration.11 The glass 
transition temperatures (measured in the second heating cycle) were almost identical in all 
systems. The first Tg (16 ºC) corresponds to the soft phase composed of MMA/BA/S and the 
second Tg = 103 ºC to the styrene-rich phase. Slightly higher Tgs were observed during the first 
scan for all hybrids and the blend. However, the differences were small and they did not 

















































































































































































































































































































































































































































































































































TEM images of the particles are given in Figure 2-3. These morphologies can be 
analyzed with the help of the map for equilibrium morphologies for two-phase polymer-polymer 
systems shown in Figure 2-2, as described by Gonzalez-Ortiz and Asua.1,12 Latex M1 had a 
core-shell particle morphology, with the more hydrophobic styrene phase in the interior of the 
particle. For illustrative purposes, the approximate position of latex M1 in the morphology map 
is marked in Figure 2-2. Latex M2 presented a range of morphologies including core-shell and 
hemispherical morphologies. The approximate position of this latex is also marked in Figure 2-
2. The difference of M2 with respect to M1 comes from the presence of acrylamide in the seed 
that reduced the interfacial tension between the seed and water (γ13). Therefore, the position 
moved upwards in the morphology map and is at the borderline of a core-shell/hemispherical 
system. Addition of more AM in latex M3 caused a further decrease of γ13 likely crossing the 
border of the hemispherical morphology. However, the morphologies shown in Figure 2-3 c) 
are not equilibrium as many of the particles displayed two or more lobes, which is not a 
thermodynamically favorable state. This indicates that particle morphology was kinetically 
controlled due to the limited diffusion and coalescence of domains of the second stage polymer 
within the latex particle. This suggests that for latex M3 the driving force for phase migration 
was relatively weak due to the good compatibility between the two polymers, namely lower γ12, 
which could be the result of some grafting of the second polymer to the acrylamide units of the 
first stage polymer. These units have a labile hydrogen that can be abstracted10 and are likely 
to be located at the surface of the particles. Grafting may also be the reason for the presence 
of several lobes in these particles. However, the graft copolymer was not observed in the DSC 
curves, but this may be because its amount was low. In latex M4 a hemispherical equilibrium 
morphology was attempted using a poly(styrene) seed and increasing the interfacial tension 
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between the second stage polymer and water (γ23) by including styrene in this copolymer. In 
addition, the presence of styrene in both phases also reduces the interfacial tension between 
them (γ12). The position of M4 with respect M2 should be shifted to the left and upwards in the 
morphology map of Figure 2-2 and it was expected that this will lead to a hemispherical 
equilibrium morphology. However, Figure 2-3 d) shows that the morphology was at the border 




Figure 2-2: Diagram of thermodynamic equilibrium morphologies (M1: red, M2: blue, M3: 









Figure 2-3: TEM images of the latex particles of a) M1, b) M2, c) M3 and d) M4  
(scale bar: 200 nm) 
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The differences in particle morphologies affected the MFFT (see Table 2-5). M1, M2 
and M4 presented MFFTs close to the Tg of the soft polymer, which indicates that the soft 
polymer formed a continuous structure. This result can be attributed to the predominance of the 
core-shell structure in these latexes. On the other hand, the MFFT of latex M3 was significantly 
higher (25 ºC) than the Tg of the soft phase (16 ºC). This suggests that the hard phase 
hindered the movement of the soft phase indirectly supporting the grafting hypothesis. The 
MFFT of the blend of hard and soft latexes was controlled by the Tg of the soft latex. In this 
case, the Tg as well as the MFFT of the comparative soft latex were slightly below those of the 
soft phase of the hybrid latex. This is likely the result of the small amounts of residual styrene 
from the first stage of the polymerization in the hybrid systems that are incorporated to the 





2.3.2 Films morphologies and properties  
Figures 2-4 to 2-7 present TEM images of the cross sections of the films cast from the 
different hybrids at 60ºC (below the Tg of the hard phase) and then annealed at 150 ºC for 
different times. The dark areas correspond to the styrene rich domains (hard phase). It can be 
seen that the morphologies of the films cast at 60ºC are in good agreement with the particle 
morphologies. Films M1, M2 and M4 show well-defined styrene-rich domains (cores of the 
particles) dispersed in a continuous matrix of soft (shell) polymer. Film M3 shows some 
aggregation of hard non-spherical domains resulting from the statistical distribution of the 
hemispherical particles. These differences are in agreement with the differences in MFFT 
reported above. The film cast from the latex blend (Figure 2-8) shows aggregation of hard and 
soft domains that are a result of the statistical distribution of latex particles of different 
composition during the film formation process. This arrangement resulted in an opaque film 
due to the stronger light scattering (see Figure 2-9).  
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60 ºC 60 ºC + 150 ºC - 15 min 
  
60 ºC + 150 ºC - 4h 60 ºC + 150 ºC - 20h 
  
Figure 2-4: TEM images of the films from latex M1 dried at 60 ºC and annealed at 150 ºC for 





60 ºC 60 ºC + 150 ºC - 15 min 
  
60 ºC + 150 ºC - 4h 60 ºC + 150 ºC - 20h 
  
Figure 2-5: TEM images of the films from latex M2 dried at 60 ºC and annealed at 150 ºC for 
different times (scale bar: 200 nm) 
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60 ºC 60 ºC + 150 ºC - 15 min 
  
60 ºC + 150 ºC - 4h 60 ºC + 150 ºC - 20h 
  
Figure 2-6: TEM images of the films from latex M3 dried at 60 ºC and annealed at 150 ºC for 





60 ºC 60 ºC + 150 ºC - 15 min 
  
60 ºC + 150 ºC - 4h 60 ºC + 150 ºC - 20h 
  
Figure 2-7: TEM images of the films from latex M4 dried at 60 ºC and annealed at 150 ºC for 
different times (scale bar: 200 nm) 
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60 ºC 60 ºC + 150 ºC - 15 min 
  
60 ºC + 150 ºC - 4h 60 ºC + 150 ºC - 20h 
  
Figure 2-8: TEM images of the films from latex B4 dried at 60 ºC and annealed at 150 ºC for 






Figure 2-9: Light transmission of the films M4 and Its corresponding blend B4 dried at 60ºC 
and annealed at 150ºC for different times 
 
The relationship between film structure and mechanical properties can be further 
elucidated from the behavior of the different films following thermal processing. Thermal 
treatment facilitates phase migration when the Tg of both phases is exceeded such that 
coalescence between domains can occur.8,13 In such a case, just as in the development of 
latex particle morphology under kinetic control, the extent of phase migration is dependent on 
the rate of diffusion and coalescence of the different domains. Films were annealed at 150 ºC 
(temperature higher than the Tg of the hard phase) for 15 min, 4h and 20h. M1 suffered 
stronger phase separation with annealing time than M2, which in turn was more affected than 
M3. The reason for this observation can be related to the different values of polymer-polymer 
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interfacial tension, as the minimization of interfacial energy is the driving force for phase 
separation in these systems. M2 and M3 contain acrylamide and therefore polymer interfacial 
tension is lower and they evolve at a slower rate. The change in film morphology is also 
reflected in the light transmission of the films (see Figure 2-10), with those that undergo 
substantial phase migration to generate large domains leading to decreased transmission due 
to light scattering. 
 
Figure 2-10: Light transmission of the different films dried at 60ºC and annealed at 150ºC for 
different times 
 
Interestingly, in the case of latex M4 although the polymer-polymer interfacial tension is 




forces for phase migration, substantial phase migration can be seen to occur. Furthermore, 
unlike the other systems, annealing of M4 at 150ºC for 4h led to the formation of a connected 
network of the hard phase in the soft continuous phase rather than aggregated spherical 
inclusions. One potential reason for this may be the improved phase compatibility (lower 
interfacial tension), which in turn leads to a decreased driving force towards formation of 
spherical domains. Similarly, in the latex blend B4 the film evolved towards a co-continuous 
structure as a result of the low interfacial tension between the two polymer phases. 
The mechanical properties of the films are shown in Figure 2-11 and Table 2-6. It can 
be observed that for the films cast at 60 ºC, samples M1, M2 and M4 have a similar Young´s 
modulus while that of M3 was substantially larger and had a much higher value of the yield 
stress compared to the other samples. All films showed a plastic deformation with some strain 
hardening. The stress at break was substantially higher for M4, and lower for latexes M2 and 
M3 that showed almost identical values and much lower for latex M1. 
The higher Young modulus and higher yield stress of M3 was likely the result of a 
formation of aggregates of hard domains that formed structures that reinforced the film more 
than the isolated hard domains in latexes M1, M2 and M4. On the other hand, the high value of 
the stress at break for M4 was attributed to the better compatibility between the hard and soft 
polymers due to the presence of styrene in both phases. The higher stress at break of latexes 
M2 and M3 as compared to latex M1 suggests a better compatibility between the two polymers 
which further supports the hypothesis of grafting to the acrylamide present in the seeds of 
latexes M2 and M3. 
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The role of latex particle morphology on the mechanical properties of the film can 
therefore be observed as both direct and indirect effects. In the elastic (low strain) region the 
mechanical strength is related to the arrangement of the hard domains and thus the initial latex 
morphology impacts directly as this is what dictates the film structure. In the plastic region 
particle morphology has an indirect effect on film strength as the underlying features that lead 
to a given particle morphology (such as reducing polymer-polymer interfacial tension) also 
contribute to the strength of the polymer-polymer interface. The mechanical properties of the 
latex blend (B4) also showed substantial differences from that of the hybrid latex with a lower 
Young’s modulus, as well as a higher strain at break. This was due to the differences in the film 
structure. As discussed before, the film cast from the blend at 60ºC shows a random 
arrangement of hard and soft domains resulting in a film where the mechanical properties were 
controlled by the soft phase. 
Differences in the film morphology following thermal treatment were also observed in 
the tensile properties of the films The Young’s modulus increased with the formation of hard 
clusters for films from M1 and M2. As the film from M1 suffered more of aggregation than M2, 
leading to formation of highly aspherical aggregates, the Young’s modulus increased more. As 
the morphology of M3 was not strongly affected with annealing temperature, mechanical 
properties did not evolve significantly. The formation of a near percolating network after 
annealing for M4 led to an increase of the mechanical properties compared to M2 (higher 
Young’s modulus, elongation at break and toughness). Similar behavior was obtained for B4 as 





Figure 2-11: Stress-strain curves for the films from the latexes a) M1, b) M2, c) M3, d) M4 and 
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M1 – 60 ºC 268 ± 11 0.9 ± 0.1 16.1 ± 1 11.4 ± 2.7 
M1 – 60 ºC + 150 ºC 15 min 225 ± 26 1.1 ± 0.2 17.2 ± 0.96 14.7 ± 3 
M1 – 60 ºC + 150 ºC 4h 304 ± 6 1.1 ± 0.03 19.9 ± 2 16.9 ± 2 
M1 – 60 ºC + 150 ºC 20h 407 ± 15 0.74 ± 0.35 19.7 ± 2.3 12.8 ± 4.5 
     
M2 – 60 ºC 268 ± 33 1.65 ± 0.2 20.1 ± 0.8 24.6 ± 3.4 
M2 – 60 ºC + 150 ºC 15 min 384 ± 22 1.4 ± 0.2 20.7 ± 3.3 22.5 ± 6 
M2 – 60 ºC + 150 ºC 4h 371 ± 15 1.58 ± 0.32 25.0 ± 2.3 30.8 ± 3 
M2 – 60 ºC + 150 ºC 20h 401 ± 5 1.10 ± 0.03 22.6 ± 1.8 20.1 ± 1.2 
     
M3 – 60 ºC  390 ± 22 0.78 ± 0.09 20.2 ± 0.24 13.5 ± 1.1 
M3 – 60 ºC + 150 ºC 15 min 363 ± 13 1.24 ± 0.08 22 ± 0.27 22.2 ± 0.14 
M3 – 60 ºC + 150 ºC 4h 318 ± 34 1.22 ± 0.4 20.7 ± 1.2 21.0 ± 0.3 
M3 – 60 ºC + 150 ºC 20h 384 ± 13 1.2 ± 0.2 23.1 ± 2.8 22.8 ± 0.6 
     
M4 – 60 ºC 275 ± 4 1.73 ± 0.09 25.1 ± 0.48 31.2 ± 1.7 
M4 – 60 ºC + 150 ºC 15 min 336 ± 15 1.34 ± 0.12 23.3 ± 1.1 24.1 ± 2.8 
M4 – 60 ºC + 150 ºC 4h 535 ± 19 1.05 ± 0.29 24.3 ± 2.7 21.47 ± 2.2 
M4 – 60 ºC + 150 ºC 20h 580 ± 12 1.4 ± 0.3 32.0 ± 0.6 35.9 ± 2.6 
     
B4 – 60 ºC 141 ± 13 2.4 ± 0.7 18.1 ± 3 30.1 ±  3.3 
B4 – 60 ºC + 150 ºC 15 min 246 ± 25 1.5 ± 0.5 19.3 ± 3.1 22.1 ± 4.2 
B4 – 60 ºC +150 ºC 4h 263 ± 30 1.6 ± 0.2 18.7 ± 1.3 24.3 ± 3.7 






Latexes with almost identical overall composition and molecular weights and different particle 
morphology were synthesized using a hard seed (S/AM) and a soft second stage monomer 
(MMA/BA= 50/50 wt/wt). Through variation of the hydrophobicity of the seed and the second stage 
polymer core-shell and hemispherical morphologies were obtained. The films obtained with these 
latexes were compared with that of a blend of the same overall composition formed by hard and 
soft particles. It was observed that latex particle morphology influenced the mechanical properties 
of the film as a result of both direct and indirect effects. On the one hand, the morphology of the 
film is directly influenced by the initial particle morphology. Thus, compared to core-shell systems, 
hemispherical latex particles showed some domain aggregation in the final film, leading to higher 
MFFT and higher Young’s modulus. On the other hand the features that lead to a given particle 
morphology, most critically the polymer-polymer interfacial tension, also play an important role in 
the mechanical properties. Thermal treatment at 150ºC led to a change in film morphology from 
evenly dispersed spherical domains to large non-spherical clusters, with the extent and rate of 
evolution being related to polymer-polymer interfacial tension. The formation of non-spherical 
clusters and in some cases a near percolating network of the hard phase resulted in an increased 
Young’s modulus. 
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Chapter 3. Soft core-hard shell latex particles for 
mechanically strong VOC-free polymer films 
  
3.1 Introduction 
In Chapter 2, films cast from hybrid latexes with a hard seed and a soft second stage 
polymer to allow film formation at room temperature were studied. It was shown that the 
spherical hard domains were dispersed in the soft polymer matrix leading to a reinforcement of 
the films. As discussed in section 1.5 of Chapter 1, an alternative to this is to use core-shell 
particles with a soft core and hard shell.1,2 At first sight this is surprising because one may 
expect that the hard shell prevents film formation. However, if the hard shell could be deformed 
the resulting film structure would be composed of a soft matrix reinforced by a honeycomb 
structure of hard material and has been shown to give mechanically strong polymer films.1,3,4 In 
this chapter, the limits of this route with respect to the balance between mechanical strength 
and MFFT are explore. In order to achieve this, particles consisting of a soft core (S/BA, Tg ≈ 
21 ºC) and a hard second stage polymer (MMA/BA) were synthesized and the effects on the 
film morphology and properties were studied. The polymer microstructure was modified by 
varying the MMA/BA proportion (70/30, 80/20, 100/0 wt/wt) in the shell and the ratio between 
the core and the second stage polymer ratios (90/10, 80/20, 60/40 wt/wt). The MFFT, film 
morphologies and properties were investigated. Finally, the effect of thermal processing on film 




3.2 Experimental part 
3.2.1 Materials 
Methyl methacrylate (MMA, Quimidroga, technical grade), butyl acrylate (BA, 
Quimidroga, technical grade) and Styrene (S, Quimidroga, technical grade) were used as 
received. Potassium persulfate (KPS, >99%, Sigma-Aldrich) was used as thermal initiator. 
Sodium lauryl sulphate (SDS, >99% Sigma-Aldrich) was used as conventional surfactant. GPC 
grade tetrahydrofuran (THF, Scharlau) was also used as received. Deionised water was used 
throughout the work.  
 
3.2.2 Synthesis of hybrid particles latexes 
High solids content latexes were prepared by seeded emulsion polymerization. 
Polymerizations were carried in a 1-L glass reactor equipped with a reflux condenser, a 
stainless steel anchor stirrer, sampling device, a feeding inlet, a Pt-100 probe and nitrogen 
inlet. The reaction temperature was kept constant at 70 ºC and the agitation at 150 rpm. First, a 
50 wt% solids content polystyrene-co-butyl acrylate (S/BA = 50/50wt/wt) seed latex was 
synthesized by semi-continuous emulsion polymerization. The formulation used to prepare the 
seed latex is given in Table 3-1. A solution composed of 1% of the total surfactant and 50% of 
the total water was used as initial charge. The initial charge was heated and purged with 
nitrogen for 30 minutes. After reaching the desired temperature (70ºC) the rest of the 
formulation was fed during 3 hours. At the end of the feeding, the latex was left to react 
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batchwise during 1 hour. The formulations used to prepare the composite latexes are given in 
Table 3-2. The pre-emulsion (comonomer compositions from MMA/BA: 70/30 to MMA/BA: 
100/0) was fed over 90 min and after that the latex was left to react batchwise for 30 min. The 
ratio between the seed polymer and second-stage polymer was varied from 40/60 to 90/10. 
The code describing these polymerizations is the following: the first number corresponds to the 
quantity of MMA in the ratio: MMA/BA and the second number corresponds to the quantity of 
the second stage polymer in the ratio soft first phase/hard second phase. Thus 70MMA/10 is a 
latex with 70 wt% of MMA in the second stage polymer with a second stage polymer 
corresponding to 10 wt% of the total particle. Latex films were produced by casting 0.5 g of 
latex (solids content 50%) in rectangular silicone molds (10 mm x 40 mm x 0.6 mm) and 
allowed to dry at 23 ºC and 55% of relative humidity for 24 hours. One sample of each film was 
annealed at a different temperature: 35, 60 and 100 ºC and 55% of relative humidity for 12 
additional hours. 
 
Table 3-1: Formulations of the seed 
 Initial charge (g) Stream (g) 
Water 200 200 
SDS 0.08 7.92 
KPS 0 4 
S 0 200 






































































































































































































































































































































































































The particle size of the final latexes were measured by capillary hydrodynamic 
fractionation (CHDF). Residual monomers were measured by gas chromatography. Solids 
content of the latexes was measured by gravimetry. Glass transition temperature, Tg, of the 
acrylic polymer was measured by differential scanning calorimetry (DSC). The gel content of 
the polymers was determined by Soxhlet extraction. The molecular weight distributions were 
determined by gel permeation chromatography (GPC). Particles and film morphologies were 
determined by transmission electron microscopy (TEM). Particles were stained with RuO4 for 
20 min before analysis. The mechanical properties of the films cast from the synthesized 
latexes were determined by tensile test measurements. A detailed description of the 
characterization methods is provided in Appendix I.  
 
3.3 Results and discussion 
3.3.1 Latex characterization and particle morphology 
With the aim of understanding how the dispersion of a hard phase within soft matrix 
allows affects the mechanical properties of latex films, latexes with the same soft core (S/BA: 
50/50) and with a second stage polymer of different composition and thickness were 
synthesized by seeded semi-continuous emulsion polymerization. Table 3-3 summarizes the 
results for the polymerizations, the Tgs of the two phases and MFFT of the films. Conversion 




gas chromatography. Different batches of seed were used for the second-stage 
polymerizations which led to differences in particle sizes (from 166 to 233 nm). 70MMA/10 and 
100MMA/10 present a bimodal distribution with a small population of ≈ 100 nm particles as the 
seed used for these hybrids was bimodal (seed B, see Figure 3-1). All latexes were free from 
gel, in agreement with previous works using similar monomer compositions.5,6 In addition, 
molecular weights and dispersities were similar for all systems. Thus, given the similarity in the 
polymer properties, the differences in MFFT and film morphologies can be exclusively ascribed 
to the initial particle morphology and the glass transition temperature of the second stage 
polymer. 
DSC was carried out to determine the Tgs of the two phases (Figure 3-2). The core of 
the particles presented a Tg of 19 ºC. The Tgs of the second stage polymer varied between 30 
and 108 ºC depending on the copolymer composition. For similar MMA/BA ratio in the second 
stage polymer, those latexes that had lower volume fraction of shell to core had lower value of 
Tg of the second stage polymer. This observation is an effect of residual monomer present in 
the seed at the beginning of the second stage process. As the reactivity ratios of the monomer 
used favor the polymerization of styrene over butyl acrylate, residual monomer in the seed is 
predominantly composed of BA.7 As such, at the start of the second stage process the 
monomer in the system is richer in BA. This results in a lower Tg of the polymer formed during 
the subsequent shell synthesis, particularly in those cases where the amount of monomer in 
the second stage is lower. TEM images (Figures 3-3 to 3-5) showed that the particles did not 
present a well-defined core-shell morphology, instead multi-lobed particles were obtained. 
  






















































































































































































































































































































































































































































































































































































































































































































































































Figure 3-1: Particle size distributions 
  








Figure 3-2: DSC curves for the different hybrid particles latexes during a) the first heatung 










Figure 3-3: TEM images of the particle morphologies of series 70MMA. Dark regions 
correspond to the styrene-rich (soft) phase (scale bar: 100 nm). Samples were stained with a 
vapor of RuO4 for 20 min before analysis 
  







Figure 3-4: TEM images of the particle morphologies of series 80MMA. Dark regions 
correspond to the styrene-rich (soft) phase (scale bar: 100 nm). Samples were stained with a 










Figure 3-5: TEM images of the particle morphologies of series 100MMA. Dark regions 
correspond to the styrene-rich (soft) phase (scale bar: 100 nm). Samples were stained with a 
vapor of RuO4 for 20 min before analysis 
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Given the structure of the latex particles, having a hard polymer shell with Tg 
substantially above room temperature, it may be thought that film formation at ambient 
temperature would be difficult because the hard phase in the outer layer of the particle would 
hinder particle deformation. However, as can be seen in Table 3-3 and Figure 3-6, all hybrids 
with 10 wbp% of hard phase in the second stage polymer presented a MFFT close to the one 
of the seed polymer alone (18 ºC). Increasing the amount of the second stage polymer to 20 
and 40 wbp%, the hybrids containing 70 % and 80 wbp% of MMA in the hard phase presented 
the same behavior for the MFFT, with the MFFT only slightly increasing until 40 wbp% of hard 
phase. An additional reaction was conducted to obtain a higher amount of second stage 
polymer comprising of 60 % of the total particle with a ratio of 80:20 MMA:BA for the second 
stage polymer (80MMA/60). Only in this case a significant increase in the MFFT was observed. 
In this case, as can be observed by the TEM image in Figure 3-4, a near complete shell later 
forms that limits polymer deformation during the film formation process. The series containing 
100% of MMA in the hard phase presented different behavior. In this case, the MFFT increased 
substantially with the increase of the hard phase proportion in the polymer with the system 
100MMA/40 presenting an MFFT of 90 ºC. The cause of this is likely due to the limited 
deformation possible of the soft core due to the near complete coverage with the hard second 
stage polymer. It should be noted that despite this, some limited coalescence and deformation 
may occur as the result of “gaps” in the shell as appears to be the case in the TEM image 





Figure 3-6: Latex MFFT as function of the percentage of high Tg polymer into the hybrids 
 
3.3.2 Film morphology and properties at room temperature 
All latexes except 100MMA/40 formed a macroscopically homogeneous film at room 
temperature (Figure 3-7). The morphology of the films was studied by electron microscopy. 
Figure 3-8 to 3-10 show the TEM images of cross-section of films cast from the different 
latexes and dried at 23 ºC and 55% relative humidity for 24 hours. Dark regions correspond to 
the styrene-rich soft phase and bright regions to the MMA-rich hard phase. Black dots are 
present on all the films as a result of surfactant pockets trapped in the film.8,9 It can be seen 
that for second stage polymer contents up to 20 wt%, the film had a continuous soft phase. 
This continuous phase is reinforced by segments of hard phase polymer dispersed in the film, 
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such that no honeycomb structure was formed is these systems. This lack of a honeycomb 
structure is likely due to the hard phase not completely covering the soft seed particle and 
being instead primarily present in discrete lobes. As a result the soft phase could easily deform 
and coalesce around the hard segments. As the film formation temperature was lower than the 
Tg of the hard phase, the hard segments could not deform and they therefore kept the 
morphology that they had in the particles. This is in contrast to the results of Price et al. who 
showed that similar hard shell type latexes maintained their shape during film formation and led 
to films with poor cohesion which often cracked extensively during drying. Although the particle 
morphology was not extensively characterized in their work the differences with what is 
observed here is likely as a result of having a complete shell of the hard phase in their system.4 
This highlights the importance of the structure of the latex itself in the final properties of the 
film. For the series with 40% of second stage polymer, the particle morphology was different as 
the hard lobes covered a large area of the surface of the seed particles. Nevertheless, the 
MFFT of 70MMA/40 and 80MMA/40 was about room temperature and good films were formed, 
showing that capillary forces were able to deform shells with Tgs of 46 and 63 ºC. For 
100MMA/40, no film could be formed at room temperature, which demonstrates that the 
capillary forces were not sufficient to deform the hard PMMA (Tg = 108 ºC) phase. It is 
interesting that no hard phase honeycomb structure was observed for 70MMA/40 and 
80MMA/40, but instead they presented a soft continuous phase reinforced by non-spherical 














Figure 3-7: Photos of the films dried from the different latexes at 23 ºC and 55% relative 
humidity for 24h 
  








Figure 3-8: TEM images of the cross-cut film morphology of films from series 70MMA dried at 










Figure 3-9: TEM images of the cross-cut film morphology of films from series 80MMA dried at 
23 ºC and 55% relative humidity (scale bar: 200 nm) 
  





Figure 3-10: TEM images of the cross-cut film morphology of films from series 100MMA dried 
at 23 ºC and 55% relative humidity (scale bar: 200 nm) 
 
Figure 3-11 and Table 3-4 give the results of tensile tests of the different films dried at 
23 ºC and 55% of relative humidity for 24h. No results are presented for 80MMA/60 and 
100MMA/40 as their MFFT were above the temperature at which the films were cast. For all 
second stage polymer compositions, the increase of the amount of hard phase polymer 
induced an increase of Young’s modulus and stress at break with a concomitant decrease in 
elongation at break. The increase in Young’s modulus was particularly notable in those 
samples containing 40% of the hard second stage polymer as a result of the highly non-




to 10 MPa) was substantially higher than what has been obtained previously (2-3 MPa)1,4,10 
while having quite ductile films that resisted deformations of at least 300 %.  
Even though some of the latexes synthesized in this work outperform the previously 
reported VOC-free coatings, further improvement of the mechanical properties is expected if 
better connectivity between hard domains is achieved. A characteristic of the present films is 
that only limited migration of the hard phase occurred (Figures 3-8 to 3-10). Phase migration 
can however be encouraged by thermal treatment of the film.11,12 This process is driven by the 
minimization of the surface energy and the thermodynamic equilibrium morphology is a system 
in which the two phases are completely separated. This morphology has no interest in the 
context of this work, but some intermediate morphologies between those in Figures 3-8 to 3-10 
and the equilibrium completely phase-separated morphology may provide improved properties. 
Therefore, we decided to explore this possibility. 
  











Table 3-4: Tensile tests results for films dried at 23 ºC and 55% relative humidity for 24h 








Seed 30 ± 8 8.5 ± 0.9 7.1 ± 0.8 44.4 ± 8.5 
70MMA/10 39 ± 4 8.1 ± 0.4 7.6 ± 0.9 39.8 ± 4.5 
70MMA/20 55 ± 1 6.9 ± 0.2 9.0 ± 0.7 41.2 ± 2.8 
70MMA/40 114 ± 16 4.8 ± 0.2 10.4 ± 0.8 39.7 ± 3.6 
80MMA/10 48 ± 6 6.8 ± 0.6 8.0 ± 1.6 36.4 ± 11 
80MMA/20 53 ± 6 6.6 ± 0.3 11.0 ± 0.3 47.0 ± 2.3 
80MMA/40 142 ± 7 3.1 ± 0.4 12.3 ± 0.6 33.0 ± 5.8 
100MMA/10 72 ± 9 5.9 ± 0.6 10.1 ± 0.6 41.9 ± 4.9 
100MMA/20 103 ± 15 3.3 ± 0.5 9.7 ± 1.8 29.0± 7.8 
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3.3.3 Thermal processing of the films 
The films cast at room temperature were thermally treated at different temperatures for 
12 hours in order to induce the migration of the hard phase in the soft matrix and the resulting 
morphologies were observed by TEM. The temperatures chosen were 35, 60 and 100 ºC which 
are in the range or slightly below the Tg of the hard phases in order to facilitate the diffusion of 
the hard phase in the soft matrix. 
First, the effect of varying the composition of the hard phase was explored for the 
systems with a 20 wt% second stage polymer (Figure 3-12). For 70MMA/20 (Tghard =30 ºC), 
some aggregations of clusters of hard phase can be observed at 35 ºC as the film converts 
from one with high aspect ratio clusters of hard phase to a film with a soft matrix with hard 
round inclusions (see cartoon in Figure 3-13). Phase migration is clearer at 60 ºC and occurs to 
a significant extent at 100ºC. As the Tg of the hard phase increased, the onset at which phase 
migration was observed changed accordingly. For 80MMA/20 (Tghard = 60 ºC) modification of 
the initial morphology is only observed at 60 ºC and is more obvious at 100 ºC. For the hardest 
second stage polymer (100MMA/20, Tghard = 104 ºC) only at 100 ºC some phase migration can 

































Figure 3-12 (left): TEM images of the film morphology of films cast from the xMMA/20 latexes 
series dried at 23 ºC for 12 hours and annealed for 12 hours at different temperatures (scale 
bar: 200nm) 
Soft core-hard shell latex particles for mechanically strong VOC-free polymer films 
117 
 


































Figure 3-13: Sketches of the film structure from xMMA/20 latexes with thermal treatment 
 
Mechanical properties of the thermally processed films were measured and are reported 
in Figure 3-14 and Table 3-5. When heating at 35 ºC, for all systems, Young’s modulus, stress 
at break and toughness increased while the elongation at break was not significantly affected. 
The effect was stronger for 70MMA/20 because the processing temperature was above the Tg 
of the hard phase. After heating at 60 ºC, phase rearrangement was observed on the TEM 
images for 70MMA/20 and 80MMA/20, but the mechanical properties were similar to those 
obtained at 35 ºC, heating at 100 ºC did not affect significantly the Young’s modulus of the films 
despite the strong phase rearrangement noticeable on the TEM images, indicating that when 
the hard phase forms isolated domains in the soft matrix, the Young’s modulus is not 
significantly affected by the size of the hard phase domains. For 100MMA/20, thermal 
treatment at 100 ºC led to aggregation between hard domains with some connectivity between 
them (Figure 3-12). This resulted in an increase in the stress at break and interestingly the 
elongation at break also increased leading to an increase to the film toughness. The phase 
rearrangement led to a film more resistant to fracture.   






Figure 3-14: Stress-strain curves for films dried at 23 ºC and annealed at different 




Table 3-5: Tensile tests results for films dried from the latexes xMMA/20 at 23 ºC and annealed 









     
Seed 30 ± 8 8.5 ± 0.9 7.1 ± 0.8 44.4 ± 8.5 
          
70MMA/20         
23 ºC 55 ± 1 6.9 ± 0.2 9.0 ± 0.7 41.2 ± 2.8 
23 ºC + 35 ºC 95 ± 20 6.1 ± 0.3 11.7 ± 0.7 47.9 ± 3 
23 ºC + 60 ºC 137 ± 25 5.7 ± 0.02 12.6 ± 1.4 54.7 ± 6.7 
23 ºC + 100 ºC 135 ± 14 4.5 ± 0.7 10.9 ± 1.1 38.1 ± 8.5 
          
80MMA/20         
23 ºC 53 ± 6 6.6 ± 0.3 11.0 ± 0.3 47.0 ± 2.3 
23 ºC + 35 ºC 99 ± 19 6.1 ± 0.4 12.3 ± 0.8 48.8 ± 5.5 
23 ºC + 60 ºC 151 ± 18 4.3 ± 0.5 11.5 ± 1.8 40.5 ± 5 
23 ºC + 100 ºC 135 ± 6 4.7 ± 0.8 11.0 ± 0.6 41.8 ± 6 
          
100MMA/20         
23ºC 103 ± 15 3.3 ± 0.5 9.7 ± 1.8 29.0 ± 7.8 
23ºC + 35ºC 136 ± 12 3.8 ± 0,5 11.0 ± 1 35.0 ± 5,7 
23ºC + 60ºC 183 ± 11 2.1 ± 0.6 11.6 ± 0.6 23.0 ± 7 
23ºC + 100ºC 203 ± 9 3.8 ± 0.4 15.5 ± 1.5 48.3 ± 7 
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A possible reason why in Figure 3-12 the thermal treatment led to isolated domains of 
the hard polymer dispersed in the matrix of the soft polymer is the fraction of hard polymer was 
too small (20%). Therefore, the effect of varying the amount of hard phase was explored for the 
80MMA series (see Figure 3-16). The mechanical properties of the films are reported in Figure 
3-17 and Table 3-6. It can be seen that for 10 and 20 wt% of second stage polymer, the effect 
of the thermal treatment on the mechanical properties was very modest even though the film 
morphology varied substantially (mainly when the films were heated at 100 ºC). In contrast, the 
films cast with core-shell particles containing 40 wt% of second stage polymer, showed a 
substantial improvement in the mechanical strength when heated at and above the Tg of the 
hard phase. Figure 3-17 shows that a yield stress of about 20 MPa was obtained with a 
relatively ductile film that resisted deformations of up to 200 %. These properties were due to 
the formation of an almost percolating structure of hard polymer (see Figure 3-15 for 
representation of film structue). and reinforce the idea that by generating an interconnected 
hard phase mechanical strength can be substantially improved.  
 
 
































Figure 3-16 (left): TEM images of the film morphology of films cast from the 80MMA latexes 
series dried at 23ºC for 12 hours and annealed for 12 hours at different temperatures (scale 
bar: 200 nm) 
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Figure 3-17: Stress-strain curves for films dried from the latexes a) 80MMA/10, b) 80MMA/20 
and c) 80MMA/40 at 23 ºC and annealed at different temperatures  
Soft core-hard shell latex particles for mechanically strong VOC-free polymer films 
125 
 
Table 3-6: Tensile tests results for films dried from the latexes 80MMA/10, 80MMA/20 and 









     
Seed 30 ± 8 8.5 ± 0.9 7.1 ± 0.8 44.4 ± 8.5 
          
80MMA/10         
23 ºC 48 ± 6 6.8 ± 0.6 8.0 ± 1.6 36.4 ± 11 
23 ºC + 35 ºC 83 ± 10 6.6 ± 0.3 11.6 ± 0.5 54.6 ± 2.1 
23 ºC + 60 ºC 69 ± 1.5 6.5 ± 0.2 12.2 ± 0.3 57.1 ± 3.5 
23 ºC + 100 ºC 98 ± 5 5.8 ± 0.2 12.8 ± 1.2 50.5 ± 4 
          
80MMA/20         
23 ºC 53 ± 6 6.6 ± 0.3 11.0 ± 0.3 47.0 ± 2.3 
23 ºC + 35 ºC 99 ± 19 6.1 ± 0.4 12.3 ± 0.8 48.8 ± 5.5 
23 ºC + 60 ºC 151 ± 18 4.3 ± 0.5 11.5 ± 1.8 40.5 ± 5 
23 ºC + 100 ºC 135 ± 6 4.7 ± 0.8 11.0 ± 0.6 41.8 ± 6 
          
80MMA/40         
23 ºC 142 ± 7 3.1 ± 0.4 12.3 ± 0.6 33.0 ± 5.8 
23 ºC + 35 ºC 134 ± 16 1.7 ± 0.01 10.8 ± 1.8 15.6 ± 0.2 
23 ºC + 60 ºC 248 ± 20 2.3 ± 0.2 15.2 ± 1.5 32.5 ± 6 






These results indicate that the thermal processing of the films for these systems led to 
the formation of clusters of the hard phase dispersed in the soft continuous phase. Only in 
certain cases, utilizing high volume fractions of the hard phase, it was possible to generate 
cocontinuous structures following thermal processing. In such cases where both phases form a 
percolating network the film hardness increases substantially. In other cases, changes in 
mechanical properties were limited regardless of the size of the clusters. However, thermal 
processing led to a loss of transparency of the films due to increased scattering of larger 
domains (Figure 3-18) which would be undesirable in a commercial setting. For practical 
applications, where phase migration is undesirable due to loss of transparency, the use of 
higher Tg polymers in the hard phase allows a significantly large temperature window such that 
under typical ambient conditions the film structure is stable. 
 
Figure 3-18: Light transmission of films dried from 70MMA/20 at 23ºC and annealed at 
different temperatures  




Latex particles containing a soft core and a multi-lobed hard shell were synthesized in 
order to obtain homogeneous transparent films with good mechanical properties (high 
toughness and elasticity) as well as a low MFFT. Different latexes were synthesized with the 
same soft core (S/BA: 50/50) and a second stage polymer (MMA/BA) of different composition 
and amount (10 to 60% of the particle). It was possible to cast films from the latexes up to a 
hard phase content of 40 wt%, above which the MFFT was significantly higher than room 
temperature. The surface tension induced deformation of the soft during drying led to 
transparent films with a morphology composed of a continuous soft phase reinforced by 
aspherical hard segments. These morphologies led to an increase of film stiffness proportional 
to the amount and Tg of the hard phase. Thermal treatment was performed at different 
temperatures in order to study the diffusion of the hard phase in the soft matrix. When 
annealing temperature was above the Tg of the hard phase, phase migration was seen to 
occur. For low amounts of dispersed phase spherical inclusions were formed and limited 
improvement of mechanical properties was observed. However, for high amount of hard 
dispersed phase (40 wt%) annealing led to the formation of an interconnected network which 
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Chapter 4. Understanding the curing process of 
films cast from acrylic/alkyd hybrid latexes 
via nanomechanical mapping 
 
4.1 Introduction 
The first known paints date back to the Stone Age some 25,000 years ago. These 
paints represented the animal’s hunters and cave dwellers hunting (Lascaux Cave, France). 
These paints were composed of a binder and pigment based on iron and manganese oxides 
providing different colors: black, red and yellow. The binder, animal fat, was used to make the 
pigments stick to the cave wall.1 In the period 600BC – 400AD, the Greeks and Romans 
developed coatings that besides being decorative also served to preserve the objects. These 
coatings were the first paints containing oxidatively-drying oils extracted from linseeds, 
soybeans and sunflower seeds. The protective value of drying oils was recognized in Europe in 
the thirteen century. During the Middle Ages, wood objects were protected by varnishes made 
by dissolving resins in oils. Over the centuries, demands for paints of all types increased and 
the business of paint became worldwide. At the beginning of the 20th century, the development 





Alkyd resins are an alternative to the use of low Tg acrylic polymers in multiphase 
polymer particles for architectural coatings. The term “alkyd” comes from the chemical used to 
synthesize it, namely alcohols and acids. The alkyd resin is in a liquid like state before film 
formation and thus reduces the minimum film formation temperature (MFFT) but double bonds 
present in the resin are cured by an autoxidative process after film formation, leading to 
hardening after film formation.4  
The synthesis of acrylic / alkyd hybrid particles,5–12 as well as the morphologies of films 
cast from these hybrid particles latexes,5,13,14 has been widely studied. For example, 
Goikoetxea et al.5 synthesized acrylic / alkyd hybrid particles with a core-shell morphology with 
a core of hydrophobic alkyd resin and a shell of acrylic polymer. In the film cast from the hybrid 
latex particles they observed a significant degree of migration of the discrete polymer domains, 
resulting in a polymer film containing domain sizes significantly larger than the original latex 
particles,. It was shown by a simulation model for film formation that phase migration was 
heavily influenced by the compatibility between the acrylic polymer and the free alkyd resin that 
was determined by the presence of alkyd-acrylic graft copolymer.5 The graft copolymer can 
form as a result of the presence of radicals, either by radical addition to the double bonds of the 
resin or alternatively by abstraction of allylic hydrogen in a chain transfer reaction,5,15 and 
subsequent propagation or termination on the alkyd during the radical polymerization process. 
Another critical feature that influences the film structure of acrylic/alkyd hybrids is the hardening 
of the alkyd resin itself. When the rate of hardening of the alkyd resin is much faster than that 
of phase migration and coalescence it would be expected that small domains sizes would be 
obtained and the film morphology would be determined by the initial particle morphology. 
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Alternatively, if the rate of hardening is slow then significant phase migration will occur, leading 
to large domain sizes. Given that the film structure is of paramount importance in determining 
the physical properties of the film,16–20 understanding the curing process of the alkyd resin in 
such hybrids is essential for enhancing product performance. 
The curing of the alkyds is a complex autoxidative process, in which oxygen reacts with 
unsaturated fatty acid side chains of the alkyd resin (Figure 4-1). The process is divided in 
several stages: (1) initiation, (2) hydroperoxide formation, (3) hydroperoxide decomposition and 
(4) cross-linking.21 In the first step, abstraction of the double allylic hydrogen of the unsaturated 
fatty acid occurs. The resulting radical reacts instantaneously with oxygen to form a 
hydroperoxide radical. Abstraction of another H-atom from an unsaturated fatty acid leads to a 
hydroperoxide. Next, the hydroperoxides decompose into radical species. This step is slow and 
is aided by the addition of catalyst. The last step is the cross-linking which occurs through 
termination of the radical species by recombination resulting in a range of crosslinking points 





Figure 4-1: Radical reactions involved during the autoxidation of alkyd resin23 Reproduced with 
permission from Elsevier 
 
Two kinds of catalysts are used to accelerate the curing process: primary and 
secondary catalysts. The primary catalysts (also called surface catalysts) accelerate the 
decomposition of peroxides22 and additionally have been reported to increase the initial rate of 
peroxide formation.23 Although, for many years, the most commonly used commercial catalysts 
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have been cobalt based,24 because of its potential carcinogenic properties,25,26 cobalt catalysts 
are now often replaced by iron or manganese based catalysts.27–29 When used alone in pure 
alkyd resins, primary catalysts tend to inhomogeneously cure the film.22,30 A highly cross-linked 
region is soon formed near the film-air interface whereas the interior remains fluid. This cross-
linked region advances very slowly towards the interior of the film such that even after several 
days the interior may remain uncured.31,32 This has been attributed to the low rate of diffusion 
of oxygen across the highly cross-linked region which, as oxygen is required for the 
propagation step (see Figure 4-1), retards curing. 
The secondary catalysts (zirconium, strontium, aluminum, calcium, potassium, lithium) 
are claimed to enhance homogeneous curing.32,33 Although they are universally applied in 
alkyd coatings formulations the mechanism by which improvements in the curing process is 
achieved remains unclear.32 Mallegol et al.4 reported that using Co as primary catalyst, the 
secondary catalyst accelerated the initial phases of curing and in addition they led to a more 
homogeneous curing. These are conflicting findings because if diffusion limitations are the 
reason for the heterogeneous curing, faster curing should lead to a more heterogeneous 
curing. Mechanisms were suggested to explain these findings without determining exactly how 
they  work.32 
All the work on curing discussed above deal with pure alkyds resins. However, there are 
no studies on curing of acrylic/alkyd hybrids, where curing is complicated due to the additional 
effects of phase migration. In this work, we study the curing process of an alkyd resin in films 
cast from hybrid acrylic/alkyd particles latex and explore how it affects the development of film 




catalyst on the curing of the alkyd and the morphology of the polymeric film is explored using 
an AFM based nanomechanical mapping technique. In the second part, two secondary 
catalysts are studied in order to understand their influence on the curing process and the film 
morphology of the hybrid material. 
 
4.2 Experimental part 
4.2.1 Materials 
Methyl methacrylate (MMA, Quimidroga, technical grade), butyl acrylate (BA, 
Quimidroga, technical grade), stearyl acrylate (SA, Aldrich, technical grade), tert-butyl 
hydroperoxide (TBHP, Panreac, >98%), NaHCO3 (Aldrich, >99,5%) and FF7 (Bruggolite) were 
used as received. 2,2´-Azobis (2-methylpropionitrile) (AIBN, Sigma-Aldrich, 98%) was used as 
thermal initiator. Dowfax 2A1 (alkyldiphenyloxide disulfonate, Dow Chemical Co.) was used as 
surfactant. The alkyd resin (SETAL 293, hydrophobic) was kindly provided by Allnex. GPC 
grade tetrahydrofuran (THF, Scharlau) was used as received. Nuodex DRYCOAT (Huntsman, 
Mn primary catalyst), Durham Nuodex Zirconium 12 (Huntsman) and Octa-Soligen Calcium 10 
(Borchers) were used as catalysts. Deionized water was used throughout the work. 
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4.2.2 Miniemulsion polymerizations 
A 50 wt % solids content miniemulsion was prepared as follows. First, the organic phase 
was prepared by dissolution of the alkyd resin SETAL 293 (50 wt % based on monomers, 
wbm), SA (4 wbm%) and azobisisobutyronitrile (AIBN) (1.6 wbm %) into the monomer mixture 
methyl methacrylate(MMA)/butyl acrylate(BA)/ acrylic acid(AA) (MMA/BA/AA, 49.5/49.5/1 wt 
%). Then, the organic phase was poured into an aqueous solution of Dowfax 2A-1 (2.7 % 
weight based on organic phase,wbop, of active surfactant) and sodium bicarbonate 
(NaHCO3,0.015M) under magnetic stirring at 700 rpm to create an emulsion. The resulting 
emulsion was sonicated with a Branson 450W sonificator for 10 minutes at an amplitude of 
70% and a duty cycle of 80%. During sonication, the flask was immersed in an ice bath to 
avoid overheating. Polymerization was carried out in batch in a 500-mL glass reactor equipped 
with a reflux condenser, stirrer, sampling device, and nitrogen inlet. The reaction temperature 
was 70°C for 7 hours. The latex obtained was post-polymerized with a redox initiator tert-butyl 
hydroperoxide/disodium hydroxysulfinoacetate (TBHP/FF7). The feeding time was 90 min and 
a molar ratio of 100/25/12.5 (residual monomer/oxidant/reductor) was used. Finally, the 
reaction was maintained in batch for an hour. The recipe for the reaction is given in Table 4-1. 
A 25 wt % solids content miniemulsion was prepared as follows. First, the organic phase 
was prepared by dissolution of the SA (4 wbm%) into the monomer mixture (MMA/BA/AA, 
49.5/49.5/1 wt %). Then, the organic phase was poured into an aqueous solution of Dowfax 
(2.7 % weight based on organic phase,wbop, of active surfactant) and NaHCO3 (0.015M) under 
magnetic stirring at 700 rpm to create an emulsion. The resulting emulsion was sonicated with 




During sonication, the flask was immersed in an ice bath to avoid overheating. Polymerization 
was carried out in batch in a 500-mL glass reactor equipped with a reflux condenser, stirrer, 
sampling device, and nitrogen inlet. When the reaction mixture reached 70ºC a shot of initiator 
(KPS, 1.3 wbm% in 7 wt% of the total amount of water) was added and the reaction was let to 
react for 7 hours. The formulation for the reaction is given in Table 4-2. 
 
Table 4-1: Formulation for the synthesis of the acrylic / alkyd hybrid particles latex 
Compounds Weight (g) 
Water 449.56 












**during post-polymerization  
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Table 4-2: Formulation for the synthesis of the acrylic particles latex 
Compounds Weight (g) 
Water 268.5 








4.2.3 Film preparation 
Before film formation, the catalyst was added to the latex under stirring in a vortex mixer 
(VELP scientifica ZX3) for 30s at 2500 rpm and then 1h under magnetic stirring using 0.25, 1 
and 2 wt% (based on alkyd resin content) of Nuodex DRYCOAT, an oil-based manganese 
primary catalyst. Secondary catalysts (Nuodex Zirconium 10 – 3.5 wt%, and Octa-Soligen 
Calcium 10 – 0.79 wt%) were added under the same conditions. Table 4-3 summarizes the 
different systems studied. Films were produced by casting 0.3 g of latex in rectangular silicone 
molds (10 x 40 mm x 1 mm) and allowed to dry at 23 ºC and 55% relative humidity (RH) for 1, 3 




of pure alkyd resin was also prepared for comparison. A cobalt based catalyst was added at 1 
wt% to pure alkyd resin. The mixture was stirred in a vortex mixer for 30 seconds and then 1 
hour under magnetic agitation. The film was cast on a polyethylene terephthalate (PET) sheet 
and let to dry in an oven at 65ºC for two weeks. 
 
Table 4-3: Compositions of the different systems studied 
Name code 
DRYCOAT (%, 
based on alkyd 
resin) 
Durham Nuodex 
Zirconium 10(%, based 
on alkyd resin) 
Durham Nuodex 
Calcium 10 (%, based on 
alkyd resin) 
0.25%-Mn 0.25 / / 
1%-Mn 1 / / 
2%-Mn 2 / / 
1%-Mn + Zr 1 3.5 / 
1% Mn + Ca 1 / 0.79 
 
 




The particle size of the final latexes were measured by both dynamic light scattering 
using a Malvern Zetaziser. Residual monomers were measured by gas chromatography. The 
gel content of the polymers was determined by Soxhlet extraction. The molecular weight 
distribution and the mass fraction of alkyd grafted to the acrylic polymer (resin degree of 
grafting: RDG) in the sol fraction were determined by gel permeation chromatography (GPC). 
The double bond content of the resin in the particles was measured by iodine value titration. 
Particles morphology were determined by transmission electron microscopy (TEM).The sample 
was stained with OsO4 before analysis. The mechanical properties of the films cast from the 
synthesized latexes were determined by tensile tests. A detailed description of these 
characterization methods is provided in Appendix I.  
Atomic Force Microscopy measurements were carried out using a Bruker Multimode 8 
equipped with a Nanoscope V controller. The Peak Force Quantitative Nanomechanical 
Mapping (PF-QNM) method was used as imaging and characterization technique. 
Measurements were carried out at room conditions of 25 ºC and 40 %RH. All images were 
processed offline, using the Nanoscope Analysis 1.9 software (Bruker). For AFM 
measurements, films were cut with a microtome equipped with a diamond knife at 6ºC. A 
sample holder designed for cross-section analysis was used. This fixed the sample in the same 
position throughout the whole process (cutting + imaging). Considering that once the sample 
cross-section is exposed to the air conditions cross-linking will start taking place, PF-QNM 
analysis was carried out immediately after microtoming. Also, following these considerations, it 




to perform measurements with time, each AFM measurement was carried out on a nominally 
equivalent, but separate film. Finally, we note that all samples were thick enough to allow 
disregarding the possible impact of the supporting substrate on the nanomechanical properties. 
Briefly, PF-QNM allows capturing force-distance curves at each pixel, at a high speed 
and with a high resolution. Every force curve records the force on the tip as it approaches and 
retracts from a point on the sample surface. When the force reaches a user specified trigger 
value, or Peak Force, the system records the height for that pixel and the tip retracts. This 
allows having both topography information and mechanical properties, simultaneously. In our 
work, we used a fixed peak force setpoint value of 15 nN for all the probed samples. We 
calculated the mechanical modulus from the force curves using the Derjaguin-Müller-Toporov 
(DMT) model34:  







where F is the force, Fadh the adhesion force taking place during tip retraction from the surface, 
E the mechanical modulus, R the tip radius,  the indentation, and the Poisson ratio of the 
sample. The mechanical modulus fit, following eq. 1, was performed taken 90% and 20% of the 
peak force setpoint as maximum and minimum boundaries, respectively. In this region of the 
force curve, the trace and retrace superimposed, indicating an elastic response. This approach 
has been used extensively in recent literature to study the nanomechanical properties of 
polymers.35–37 
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All samples were probed using Multi75-G probes, by BudgetSensors (tip radius ~15 
nm). The spring constant was determined by the Sader method,38 giving a usual value around 
3.5 N/m. PF-QNM quantitative images were acquired following the relative calibration method 
proposed by Bruker, and recently used in the literature.39,40 The relative method of calibration 
uses a sample of known modulus to obtain the ratio of spring constant to the square root of the 
tip end radius. In our work, we used as a reference an acrylic sample prepared by us 
(MMA/BA: 50/50 wt/wt), with a known modulus of 70 MPa (= 0.4),41 for imaging the 
mechanical maps of the hybrid latex films (Figures 4-6, 4-7, 4-8, 4-11 and 4-12). Using this 
reference, we obtained maps with good mechanical contrast between soft/hard areas. 
However, we observed that mechanical modulus values lower than 30 MPa were not properly 
resolved. We based tis reasoning on the severely distinct force-curves of these areas. This is 
an indication that the test conditions in these zones were not similar to those used during 
calibration. Exploring our hybrid particles latex film mechanical maps we noticed that the 
MMA/BA reference sample only allowed measuring reliable modulus values in the 30 ≤ E 
(MPa) ≤ 150 range. The problem of modulus resolving capabilities in AFM-based mechanical 
measurements has been discussed in the literature,42 and it is out of the scope of this work. 
Then, to guarantee similar reference/sample test conditions in the soft areas, we changed our 
reference material to a polydimethylsiloxane (PDMS) sample of known modulus 3.5 MPa 
(provided by Bruker, = 0.5)41. We observed good agreement in the mechanical response of 
soft areas in the hybrid latex films and that of the PDMS sample. In this case, we obtained a 
confidence modulus range of 2 ≤ E (MPa) ≤ 30. Taking this into consideration, the quantitative 
mechanical modulus values of the soft areas in our films were calculated (offline) using the 




4.3 Results and discussion 
4.3.1 General overview of the latex characteristics 
Table 4-4 summarizes the results for the polymerization of the waterborne acrylic/alkyd 
hybrid latex by miniemulsion polymerization. A relatively low conversion was obtained after the 
initial polymerization process, likely as a result of the rate retarding effect of the double bonds 
present in the alkyd resin.9,15,43 In addition, a broad distribution of molecular weights was 
observed because the sample includes the high molecular weight acrylic polymer and the low 
molecular weight alkyd resin.9 In order to reduce the residual monomer concentration, a post-
polymerization process was performed. As shown in Table 4-4, a final residual monomer 
concentration of 2700 ppm was obtained. After post-polymerization, an increase of the 
molecular weight was observed, again with a broad distribution. This increase is related to the 
increase of the alkyd grafting on the acrylic chains from 8% to 15%. Indeed, the high number of 
oxygen centered radicals that are generated from the TBHP/FF7 redox system leads to 
significant hydrogen abstraction, which produces grafting. However, a final grafting of 15% is 
still low, meaning that most of the alkyd resin is ungrafted. In addition, a small gel fraction was 
formed during post-polymerization, again due to the increase of grafting through the double 
bonds of the alkyd resin. Considering that cross-linking requires “free” double bonds, in Table 
4-4 we present the percentage of reacted resin double bonds (RDB). We observed that the 
relative amount of RDB was low, even after postpolymerization, leaving most of the double 
bonds available for cross-linking. By comparing the values of grafting and RDB after post-
polymerization we can determine that the principal site for grafting is the allylic hydrogen to the 
double bond in the alkyd resin as this mechanism does not affect the number of conjugated 
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double bonds.15 Figure 4-2 shows a TEM image of the synthesized latex after 
postpolymerization demonstrating a core-shell morphology with an alkyd-rich core and acrylic-




Figure 4-2: TEM image of the acrylic / alkyd hybrid particles. Dark regions correspond to the 
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In order to get an idea of the expected distribution of the moduli of the two polymer 
phases, before analysis of the hybrids we performed PF-QNM measurements on films cast 
from acrylic and alkyd phases separately. Figure 4-3abc shows the PF-QNM mechanical 
modulus maps of a bare MMA/BA film cast on a PET sheet dried for 8 days at 23 ºC and 55% 
relative humidity. It should be noted that these images correspond to the “top” of a film, i.e., 
without cross sectioning. We present three different probed areas of the film, measured on 
different days. All the images showed a mean mechanical modulus of 70 MPa, with a broad 
distribution (see histograms). The modulus distribution broadness could be probably related to 
the batch process used to synthesis the polymer that, because of the different reactivity ratios 
of the monomers,44 led to a broad polymer composition distribution. From the results in Figure 
4-3abc, we can expect that the MMA/BA areas in the PF-QNM modulus maps of hybrid 
samples would appear in colors ranging from green to black, indicating a modulus distribution 
in the range 40 ≤ E (MPa) ≤ 100.  
Figure 4-3d shows the elastic modulus map of a pure alkyd resin film, with a Co-based 
catalyst, dried at 65 ºC for two weeks. We found a mean elastic modulus of 35 MPa, with a 
narrow distribution (light green monocolor image). We consider this to be the best possible 
scenario of a fully dried alkyd sample. In other words, uncured alkyd areas in the PF-QNM 
modulus maps are expected to have a modulus below 35 MPa. Thus, we expect that the hybrid 
film will contain regions with widely different moduli. As discussed in the Experimental Part, this 
is a long-standing challenge in AFM-based mechanical measurements.42 Here, the challenge 
was overcome by using different conditions for the two objectives of this work. To study the 




hybrid films (alkyd regions). In this case, the reference was a PDMS sample of known modulus 
(E= 3.5 MPa) and this allowed to get accurate measurements in the range 2 ≤ E (MPa) ≤  30. 
On the other hand, when the evolution of the morphology was studied an acrylic sample with a 
modulus of 70 MPa was used as a reference and this allowed us to have accurate 
measurements in a range of 30 ≤ E (MPa) ≤ 150. In this case, the modulus of the alkyd 
regions cannot be accurately detected and therefore in the PF-QNM mechanical maps used to 
investigate the evolution of the film morphology the (not completely cured) alkyd regions (≤ 30 
MPa) will appear red and the acrylic areas (40-100 MPa) in green to black. 
  








Figure 4-3: Mechanical maps and histograms of the modulus distribution of the surface of 
a,b,c) pure acrylic polymer films dried at 23 ºC for 8 days and d) pure alkyd film with Co-based 
catalyst dried at 65 ºC for 8 days   























































































4.3.2 Effect of catalyst on the curing process of hybrid latex films 
4.3.2.1 Effect of catalyst on mechanical properties of the films 
A film was formed from the hybrid latex described above at various concentrations of 
Mn catalyst in order to investigate how the curing process of the alkyd influences the 
mechanical strength of the final film. Figure 4-4 and Table 4-5 show the tensile test results for 
films prepared with the Mn-based catalyst at 0%, 0.25 wt%, 1 wt%, and 2 wt% concentrations 
cured at 23 ºC and 55% relative humidity for 1, 3 and 8 days. For the sake of comparison, the 
results obtained with a pure (meth)acrylic latex are also included in Table 4-5. The catalyst-free 
film (0% Mn) showed limited mechanical resistance even after 8 days of curing (Figure 4-4c) 
and a Young’s modulus of about 0.5 MPa was measured. This is almost two orders of 
magnitude lower than that of the pure acrylic polymer film (Table 4-5) which indicates that the 
alkyd did not undergo any curing. The addition of the Mn catalyst significantly affected the 
mechanical properties of all films. After 1 day of curing, the three systems showed a Young’s 
modulus value around 2.5 MPa, i.e., an increase in a factor ~5 compared to the catalyst-free 
film. The rest of the mechanical properties (stress at break, and toughness) also showed 
improvement (Table 4-5). After 3 days of curing, all films presented similar mechanical 
properties, showing an overall enhanced mechanical response. The Young’s modulus kept on 
increasing reaching about 6.5 MPa after curing for 8 days. No effect of the concentration of the 
Mn on the Young’s modulus was observed although the elongation and therefore the 
toughness of the films showed an increase with catalyst concentration.  
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Tensile tests give the mechanical properties of the film as a whole without differentiating 
the different phases. However, this method does not give quantitative values of curing of the 
alkyd resin in the hybrid particles. In order to explore with detail the role of the acrylic/alkyd 
phases, an AFM-based nanomechanical mapping technique was used to quantify the extent of 







Figure 4-4: Stress- strain curves of dried films from acrylic / alkyd resin hybrid particles latex 




Table 4-5: Tensile test results of dried films from acrylic / alkyd resin hybrid particles latex with 










0% Mn – 8 days 0.512 ± 0.2 1.16 ± 0.19 0.123 ± 0.004 0.127 ± 0.036 
     
0.25% Mn - 1 day 2.3 ± 0.2 0.65 ± 0.04 1.19 ± 0.14 0.41 ± 0.08 
1% Mn - 1 day 2.7 ± 0.3 1.06 ± 0.05 1.77 ± 0.37 0.95 ± 0.17 
2% Mn - 1 day 3.0 ± 0.9 1.01 ± 0.14 2.1 ± 0.43 1.08 ± 0.3 
     
0.25% Mn - 3 days 4.9 ± 0.8 0.85 ± 0.05 2.80 ± 0.28 1.22 ± 0.17 
1% Mn - 3 days 4.9 ± 0.3 0.87 ± 0.09 2.65 ±  0.45 1.22 ± 0.48 
2% Mn- 3 days 5.6 ± 0.7 0.85 ± 0.09 3.04 ± 0.27 1.34 ± 0.23 
     
0.25% Mn - 8 days 6.5 ± 0.8 0.81 ± 0.03 2.93 ± 0.56 1.25 ± 0.26 
1% Mn - 8 days 6.4 ± 0.5 0.94 ± 0.1 3.68 ± 0.44 1.72 ± 0.34 
2% Mn- 8 days 6.7 ± 1.5 1.08 ± 0.11 4.74 ± 0.51 2.48 ± 0.42 
     
Pure acrylic 54 ± 9.8 3.4 ± 0.17 7.3 ± 0.65 17 ± 2.11 
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4.3.2.2 Evolution of curing of the alkyd resin with the primary catalyst 
PF-QNM measurements were performed on cross-sections of films after 1, 3 and 8 days 
of curing with 0.25%, 1%, and 2% wt of the Mn based catalyst. The measurements were 
performed at three different areas of the cross-sections: (1) close to the air-film interface, (2) in 
the center of the films, and (3) close to the film-substrate interface. The goal of these 
measurements was two-fold. First, to measure the degree of curing of the alkyd rich zones and 
second to study the effect of curing on the development of the film morphology (height images 
are available in Appendix II). In this section, the development of the curing process of the alkyd 
resin was monitored by measuring the time evolution of the mechanical modulus of the soft 
areas in the different parts of the film. We defined an area as “soft” if the mechanical modulus 
was below 30 MPa. We identified those zones using the PF-QNM mechanical maps, and, to 
have a proper quantification of the mechanical modulus in these soft areas, we used a PDMS 
standard as reference, a detailed in the experimental section. 
In the absence of catalyst, even after 8 days of curing, the AFM probe stuck to the film 
surface preventing the measurement, which agrees with the liquid-like behavior observed in the 
tensile tests (Figure 4-4c). For the system with 0.25 wt% Mn based catalyst, the curing after 1 
day was not sufficient to perform the measurement as the sample also exhibited liquid-like 
behavior. This may be due to a slow curing rate because of the low catalyst concentration or 
alternatively due to an inhibition period that initially prevents curing, as previously reported for 




In order to gauge the effect of catalyst concentration of the through-curing of the films, 
Figure 4-5 presents the time evolution of the mechanical modulus of the soft areas in the 
different regions (near the surface, in the center and close to the substrate) with varying Mn 
concentration. The mechanical modulus reported in this graph by PF-QNM was calculated as 
the mean value of 50 points randomly located in the soft phase material (E < 30 MPa). The 
error bars correspond to the standard deviation. It can be seen that after 1 day curing with 1 
and 2 wt% of Mn curing (hardening) increased with the primary catalyst concentration and that 
curing was highest near the air-film interface and minimum in the center of the film. This 
indicates that curing did not occur homogeneously, but with a stronger impact on the borders of 
the film. It has to be pointed out that the substrate used was a silicone mold, a material 
permeable to oxygen (oxygen permeability of silicone rubber: 600 Barrer).46 Thus, the oxygen 
diffusion through the substrate and the differences in oxygen availability resulted in an initial 
non-homogeneous curing of the alkyd resin.  
After 3 days, curing increased in all positions in the film and the edges of the film were 
still harder, although the differences with the center were smaller than for 1 day. For a curing 
time of 8 days, there was no further evolution of the mechanical modulus of the soft areas for 
0.25 wt% of Mn (Figure 4-5). This could result from the deactivation of the catalyst with the acid 
groups of the acrylic polymer, as previously reported.47 For higher catalyst concentrations, the 
mechanical modulus of the soft areas increased further, the increase being more substantial in 
the center of the film. At catalyst concentrations above 1 wt% Mn, the long term effect of the 
concentration of the primary catalyst was small, because almost the same modulus was 
achieved. In addition, a rather homogeneous degree of curing was achieved through the film. 
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In comparison, in a ~200 µm film cast from the pure alkyd resin with 1% Mn catalyst we 
observed the incipient development of a curing front. Later, after curing for 8 days, a clear 
curing front appeared on the top of the film, leaving a completely liquid core (Figure II-6, in 
Appendix II). This suggests that the front was strictly oxygen impermeable, hindering the curing 
deeper in this film. Thus, comparing the pure alkyd with the results obtained with the hybrid film 
indicates that the acrylic phase in the hybrid films appears to aid oxygen diffusion. However, 
this does not mean that there were no diffusional limitations for the oxygen in the hybrid, as a 





Close to air-film interface Middle of the film 
  
Close to the film-substrate interface  
 
 
Figure 4-5: Evolution of the mechanical modulus of the soft areas of the films cured at 23 ºC 
and 55% relative humidity with time close to air-film interface, in the center and close to the 
film-substrate  
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4.3.2.3 Morphology evolution with the curing of alkyd resin 
Figures 4-6, 4-7 and 4-8 display the AFM mechanical maps of the systems measured 
after 1, 3 and 8 days of curing with 0.25%, 1%, and 2% wt of the Mn based catalyst. In these 
figures the reference material was a (meth)acrylic polymer of E=70 MPa, and hence the 
accurate modulus range was between 30 and 150 MPa. All areas in which E < 30 MPa that 
correspond to the alkyd were depicted in red. Figure 4-6a-c shows the results for the 1% Mn 
sample after 1 day. It can be seen that most of the film section is covered by a rather soft 
material (red colored zones in the maps) than can be attributed to the alkyd. However, the 
fraction covered exceeds by far the proportion of alkyd in the formulation. The most likely 
reason for this is that the alkyd phase, which was basically uncured (Figure 4-5), spread during 
microtoming, forming a layer that covered the sample surface. Quite likely, in Figure 4-6c, the 
liquid alkyd was removed leaving the hard acrylic polymer. Figure 4-6d-f show the results for 
the 2%-Mn sample. For this sample, the area in the middle of the film was more covered by the 
alkyd resin than at the air-film and film-substrate interfaces. The reason for this observation 
was the low degree of curing of the alkyd in the center of the film (Figure 4-5). On the other 
hand, in the regions where curing was significant (regions close to the air and substrate) 
aggregates of alkyd of sizes with average diameter about 300 nm, namely larger than the latex 
particles, are observed showing that substantial migration occurred.  
Figure 4-7 shows the results after 3 days of curing for samples containing 0.25%, 1% 
and 2% Mn catalyst. All samples were sufficiently cured to perform the nanomechanical 
mapping and no covering of the microtomized surface was observed. After 3 days for all Mn 




on the length of the domains). This implied an increase in almost 70 % in comparison to the 
sizes measured after curing for 1 day in the film with 2% Mn. In other words, in the time period 
from 1 to 3 days, the alkyd phase still had enough mobility to allow phase migration to occur. 
However, due to the complex geometrical shapes of the domains exact quantification of this 
effect was not attempted.  
Figure 4-8 shows the nanomechanical maps after curing for 8 days. Considering first the 
effect of the Mn concentration at each position, it can be seen that the area covered by “pure” 
acrylic domains (zones with a high value of modulus) increased with the Mn concentration. This 
suggests that the curing of the alkyd is a driving force for phase separation, i.e. the alkyd, 
which has initially some partial miscibility in the acrylic phase, is driven out by curing. On the 
other hand, comparison of the maps obtained at different positions for each Mn concentration 
shows that the strongest separation occurred at the center of the film followed by the region 
close to the substrate, with the region near the air-film interface showing less separation. A 
possible explanation is that curing of the alkyd reduced its mobility and therefore the slower the 
curing (center) the longer the alkyd had to migrate. This is supported by the size of the alkyd 
domains, which in general decreased with the concentration of Mn.  
  
Understanding the curing process of films cast from acrylic/alkyd hybrid latexes via… 
159 
 
Close the air-film 
interface 
Middle of the film Close the film-substrate 
interface 
a) b) c) 
   
d) e) f) 
   
Figure 4-6: Mechanical maps for the films with 1% of Mn-based catalyst abc) and 2% Mn-
based catalyst def) after 1 day of curing at 23ºC and 55% relative humidity. For each system, 
the left image was performed close to air-film interface, the second in the center of the film and 
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Figure 4-7: Mechanical maps for the films with 0.25% of Mn-based catalyst abc),1% of Mn-
based catalyst def) and 2% of Mn-based catalyst ghi) after 3 days of curing at 23ºC and 55% 
relative humidity. For each system, the left image was performed close to air-film interface, the 
second in the center of the film and the right image close to the film-substrate interface  
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Figure 4-8: Mechanical maps for the films with 0.25% of Mn-based catalyst abc),1% of Mn-
based catalyst def) and 2% of Mn-based catalyst ghi) after 8 days of curing at 23ºC and 55% 
relative humidity. For each system, the left image was performed close to air-film interface, the 




4.3.3 Effect of secondary catalyst on film morphology and properties 
4.3.3.1 Effect of secondary catalysts on mechanical properties of the films 
As described in the introduction, secondary catalysts have been used to enhance the 
effectiveness of the primary catalyst. They are variously described to increase the cross-linking 
rate, improve oxygen diffusion, decrease inhibition time, or be used as “sacrificial catalysts”.32 
In the latter case, the secondary catalysts would deactivate instead of the primary.4 In order to 
try to understand the role of the secondary catalyst, we evaluated the influence of Zr and Ca-
based secondary catalysts on the curing of hybrid latexes films.  
Figure 4-9 and Table 4-6 present the results of the tensile test for hybrid films with 1 wt 
% of the Mn based primary catalyst plus Zr or Ca-based secondary catalysts. Measurements 
were performed after 1 and 8 days of curing at 23 ºC and 55 % relative humidity. After 1 day of 
curing, we found a slightly lower Young’s modulus for the films prepared using secondary 
catalysts. The E values were the same when using either Zr or Ca catalysts, and represented a 
decrease of about 55 %, compared with the sole Mn film. The rest of the mechanical properties 
were also worsened with the addition of the secondary catalysts at short times. After curing for 
8 days, the mechanical properties of the films improved, showing the effect of curing, and the 
film containing Zr showed slightly higher Young’s modulus and tensile strength. All three 
presented similar toughness (Table 4-6). As these results were not conclusive in terms of the 
effect of the secondary catalyst on the curing of the alkyd resin throughout the film, we 
subsequently used the nanomechanical mapping technique. 
 





Figure 4-9: Stress- strain curves of dried films from acrylic / alkyd resin hybrid particles latex 
with 1 wt% of Mn-based catalyst and different secondary catalysts after a) 1 day and b) 8 days 
 
Table 4-6: Tensile test results of dried films from acrylic / alkyd resin hybrid particles latex with 











1% Mn - 1 day 2.7 ± 0.3 1.06 ± 0.05 1.77 ± 0.37 0.95 ± 0.17 
1% Mn + Zr - 1 day 1.5 ± 0.2 0.71 ± 0.08 1.09 ± 0.12 0.39 ± 0.06 
1% Mn + Ca - 1 day 1.5 ± 0.2 0.87 ± 0.03 1.17 ± 0.18 0.51 ± 0.09 
     
1% Mn - 8 days 6.4 ± 0.5 0.94 ± 0.1 3.68 ± 0.44 1.72 ± 0.34 
1% Mn + Zr - 8 days 9.0 ± 1.6 0.88 ± 0.01 4.10 ± 0.11 1.86 ± 0.06 




4.3.3.2 Evolution of curing of the alkyd resin with the secondary catalysts 
Figure 4-10 presents the effect of the presence of secondary catalyst on the hardness of 
the soft areas (considered to be proportional to the extent of alkyd curing) at different positions 
in the film. It can be seen that near the air-film interface the presence of secondary catalyst 
accelerates curing. Due to the presence of acrylic polymer that facilitates oxygen diffusion and 
the proximity to the air-film interface, it is unlikely that there was a lack of oxygen in this region, 
meaning that the observed effect of the secondary catalyst was not due to the enhancement of 
the oxygen diffusion. This is supported by the fact that the effect of secondary catalysts in the 
center of the film and near the substrate was relatively modest, although clearly visible. One of 
the roles attributed to secondary catalysts is to be a sacrificial compound that reacts with 
carboxylic groups in the film, which are considered as poisons for the primary catalyst.47 The 
data available does not allow us to reach a conclusion, although the fact that the ultimate 
curing level did not increase (in fact it decreased for Ca) in the presence of the secondary 
catalyst does not agree with this hypothesis.  
A surprising result in Figure 4-10 is that Ca, which initially gave the fastest curing, led to 
lower curing after 8 days and gave the most heterogeneous film in terms of degree of curing at 
different points in the film. A possible explanation is that the secondary catalysts accelerate the 
process of curing as has been observed in the curing of pure alkyd films4 and the fast initial 
curing reduced oxygen diffusion towards the interior of the film.  
  








Figure 4-10: Evolution of the mechanical modulus of the soft areas of the films cured at 23ºC 
and 55% relative humidity with time a) close to air-film interface, b) in the center and c) close to 




4.3.3.3 Film morphology evolution with the secondary catalysts 
Figures 4-11 and 4-12 present the nanomechanical maps for the films containing 1 wt% 
Mn, 1 wt% Mn + Zr and 1 wt% Mn + Ca after 1 and 8 days of curing, respectively. As 
previously explained, after 1 day, the alkyd in the samples prepared with only Mn was not 
cured and therefore the alkyd was either spread over the sample (Figures 4-11 a and b) or 
removed (Figure 4-11c). Figure 4-11 shows that the differences in curing rate affected the film 
morphology. Near the surface where the rate of curing was fast, the segregation was moderate 
because the cured alkyd was too hard to migrate. Phase separation was stronger near the 
substrate, in agreement with a slower curing. The strongest segregation was observed in the 
center of the film where the curing was slowest. 
Figure 4-12 presents the nanomechanical maps after 8 days of curing. Comparison with 
Figure 4-11 (1 day of curing) shows that segregation was stronger, namely, the alkyd resin and 
the acrylic polymer separated further during this period of time. This occurred also near the 
surface of the film, where for Mn + Zr and Mn + Ca a high degree of curing was achieved in 1 
day and only a slight increase occurred thereafter (Figure 4-10). The stronger time effect was 
observed in the center and near the substrate for Mn + Zr, which likely is the combination of a 
low initial curing that facilitates the coalescence of the domains of alkyd resin, and a high final 
curing that provoked a strong segregation of the cured alkyd and the acrylic polymer. The 
segregation was lower for Ca because on the one hand the initial rate of curing was high, 
limiting the segregation of the uncured alkyd, and on the other the final degree of curing was 
low allowing some compatibility of the alkyd and the acrylic polymer.  
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Figure 4-11: Mechanical maps for the films with 1% Mn-based catalyst solely abc),and Zr-
based catalyst def) and Ca-based catalyst ghi) after 1 day of curing at 23ºC and 55% relative 
humidity. For each system, the left image was performed close to air-film interface, the second 
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Figure 4-12: Mechanical maps for the films with 1% Mn-based catalyst solely abc),and Zr-
based catalyst def) and Ca-based catalyst ghi) after 8 days of curing at 23ºC and 55% relative 
humidity. For each system, the left image was performed close to air-film interface, the second 
in the center of the film and the right image close to the film-substrate interface 




The results presented above show that the formation of acrylic-alkyd hybrid films differs 
from that of the widely studied pure alkyd films. After water evaporation, which occurs in a short 
period of time, the evolution of the film is determined by the interplay between the curing of the 
alkyd resin and phase separation/migration, two processes that occur in parallel.  
Curing of the alkyd follows the classical oxidative crosslinking scheme (see Figure 4-1) 
and is limited by oxygen availability. In the alkyd phase, oxygen diffusion decreased with 
curing. Therefore, the surface cures faster than the interior of the film. However, the effect of 
curing on the overall oxygen diffusion is less than in the pure alkyd films as oxygen also 
diffuses through the acrylic polymer and this contribution is roughly constant over time. 
Consequently, although the differences in crosslinking through the film are significant at short 
times (1 day), over longer times (3-8 days) a rather homogeneous degree of crosslinking is 
achieved.  Secondary catalysts accelerate curing and the initial effect seems to be stronger for 
Ca than for Zr. A fast initial rate of curing reduces the extent of curing of the interior of the film 
at long times. 
Acrylic polymer and alkyd resin separate over time. The results available show that the 
alkyd migrates, forming aggregates. The reason is the low viscosity of the alkyd (and the fact 
that it has the lowest volume ratio as a fraction of the alkyd was grafted on the acrylic polymer). 
Curing has several effects on the development of the film morphology. On one hand, the 
compatibility between the alkyd and the acrylic polymer decreases with curing, namely, curing 




more difficult to form aggregates. The combination of these two effects leads to a situation 
where the maximum segregation is achieved by delayed but strong curing, which allows a 
substantial movement of the uncured alkyd in short times, and a final segregation upon curing. 
 
4.4 Conclusions 
In this work, the curing process of alkyd resin and its effect on the morphology of films 
cast from acrylic/alkyd hybrid particles latex has been studied using an AFM based 
nanomechanical mapping technique. This allowed us to probe both the development of the 
curing of the alkyd phase as well as the phase separation between the two polymer phases 
with time. It was shown that as for conventional alkyd based coatings, curing of the alkyd was 
stronger at the oxygen rich air-film interface at the early stages of curing. However, unlike 
conventional alkyd resins, which were shown to develop a curing front that inhibited curing of 
the resin on the interior of the film, films from hybrid particles displayed homogeneous curing at 
long times. This was due to the presence of acrylic domains, which aided oxygen diffusion and 
facilitated the curing process. It was shown that the rate and extent of curing, which is primarily 
controlled by the concentration and type of catalyst used, has a substantial effect on the film 
morphology. Slow curing leads to extensive phase migration of the alkyd in the uncured state, 
leading to the development of large, aggregated domains of the two polymer phases. Due to 
the partial miscibility of the uncured alkyd resin with the acrylic phase, as curing progresses 
phase separation is increasingly favored, leading to formation of larger alkyd domains at long 
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times. These results highlight the importance of the curing process on the development of 
morphology of the film and consequently on the mechanical strength.  
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Chapter 5. Evaluation of acrylic / alkyd resin 
particles latex as binders in paint applications 
 
5.1 Introduction 
Alkyd resin and acrylic polymers particle latexes are usually used as binders in 
architectural paints.1,2 The addition of pigments and different additives affects film morphology 
compared to the corresponding latex films and thus the final properties of the paints.3–5 The 
goal of this work was to study the effect of particle morphology of latexes used as binders in 
waterborne paints. For this, different acrylic / alkyd hybrid particles latexes were synthesized. 
The composition of the acrylic polymer and the hydrophobicity of the alkyd resin were varied in 
order to obtain different morphologies. Moreover, a blend of alkyd resin particles and acrylic 
polymer particles and a pure alkyd resin dispersion were used as binders in order to make 
comparisons. All the work was performed without the addition of catalyst in order to focus on 
the effect of the particle morphology. This work of this chapter was carried out at BASF SE in 





5.2 Experimental part 
5.2.1 Materials 
Technical grade monomers, methyl methacrylate (MMA, BASF), n-butyl acrylate (BA, 
BASF), n-butyl methacrylate (BMA, BASF), stearyl acrylate (SA, Sigma-Aldrich), acrylic acid 
(AA, BASF), were used without purification. 2,2'-Azobis(2-methylbutyronitrile) (V-59, Wako 
chemicals) and potassium persulfate (KPS, Fluka) were used as thermal initiators. Tert-butyl 
hydroperoxide (TBHP, BASF) and ascorbic acid (AsAc, BASF) were used as redox initiators. 
Dowfax 2A1 (alkyldiphenyloxide disulfonate, Dow Chemical Co.) was used as surfactant. 
NaHCO3 (BASF, >99,5%) was used to reduce the miniemulsion viscosity. The alkyd resin 
SETAL 293 (hydrophobic) was supplied by Allnex and the alkyd emulsion WorléeSol E 150W 
(hydrophilic) was supplied by Worlée. Brochers®. Dysperbik 190 (BYK Chemie), titatium 
dioxide Tiona 595 (TiO2, Cristal), Natrosol 250 HR (Brenntag) Rheovis Pu 1340 and Rhevois 
Pu 1191 (BASF) were used as received. Demineralized water was used throughout the work. 
 
5.2.2 Polymerizations 
Two series of hybrids were synthesized: Series S using a hydrophobic alkyd resin (Setal 
293 supplied by Allnex) and Series W using a hydrophilic alkyd emulsion (WorléeSol E 150W 
supplied by Worlée). Table 5-1 gives the characteristics of the two alkyd resins. In each series, 
two (meth)acrylic systems (butyl acrylate/methyl methacrylate (BA/MMA: 50/50) and butyl 
methacrylate(BMA)/butyl acrylate (BMA/BA: 85/15)) were used. The alkyd resins Setal 293 and 
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WorléeSol E 150W presented different acid values (11 and 30 mgKOH/g respectively). The acid 
value of the rest of the formulation was adjusted in order to work under the same conditions. In 
Series W, no acrylic acid (AA) was used and the surfactant concentration was decreased. For 
the sake of comparison of film morphologies, a blend was made from an all-acrylic latex and 
the alkyd emulsion WorléeSol E 150W in a 50/50 weight ratio. The acrylic latex (R1) was made 
from MMA/BA (50/50 wt/wt). The different systems studied are listed in Table 5-2. The 
polymerization strategies present differences from the one presented in Chapter 4 so they are 
described in the following paragraph. 
 
Table 5-1: Characteristics of the alkyd resins  
 Setal 293 WorléeSol E 150W 
Solids content (%) 100 40 
Particle size (nm) / 40 
Iodine value (g/100g) 106 40 
Acid value (mg
KOH
/g) 11 30 
Mn (kg/mol) 2.5 3 






Table 5-2: Compositions of the latexes 
 
38 wt % solids content miniemulsions were prepared as follows. First, the organic phase 
was prepared by dissolution of SA (4 wbm%) and Setal 293 (when used) into the monomer 
mixture. Then, the organic phase was poured into an aqueous solution of Dowfax 2A-1 (2.7 
wbop%, of active surfactant) and NaHCO3 (0.020M) under magnetic stirring at 700 rpm to 
create an emulsion. When WoorléeSol E 150W was used, it was dispersed in the water phase. 
The resulting emulsion was sonicated with a Hielscher UP400S sonicator for 10 minutes at an 
amplitude of 70% and a duty cycle of 80%. During sonication, the flask was immersed in an ice 
bath to avoid overheating. Polymerization was carried out in batch in a 2-L glass reactor 
equipped with a reflux condenser, a stainless-steel anchor type stirrer, a feeding inlet, a Pt-100 
probe and nitrogen inlet. A solution of KPS (1.6 wbm%) in 15% of the total amount of water 
was fed to the reactor for 1h and then the system was left to react for 3 hours in batch at 70 °C. 
The latexes obtained were post-polymerized with TBHP and Ascorbic acid (AsAc) that were fed 
separately for 90 min with a molar ratio of 100/25/12.5 (residual monomer/oxidant/reductor). 
Series Samples Alkyd resin Monomer system Dowfax (% of active 
matter, wbop) 
S S1 Setal 293 MMA/BA/AA:49.5/49.5/1 2.7 
S S2 Setal 293 BMA/BA/AA:84.5/14.5/1 2.7 
W W1 WorléeSol E 150W MMA/BA:50/50 1 
W W2 WorléeSol E 150W BMA/BA/:85/15 1 
/ R1 / MMA/BA:50/50 1 
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Finally, the reaction was maintained in batch for one hour. The recipes for the reactions are 
given in Table 5-3.  
 
A 41% solids content MMA/BA (50/50 wt/wt) latex, R1, was synthesized by emulsion 
polymerization as follows. An anionically stabilized polystyrene seed (with a particle size of 30 
nm) was charged with 25% of the total amount of water into a 2-L glass reactor equipped with a 
reflux condenser, a stainless-steel anchor type stirrer, a feeding inlet and a Pt-100. The pre-
emulsion and a solution of KPS (7 wt%) were fed separately into the reactor for 3 hours. After 
half an hour of batch reaction, TBHP and AsAc were fed separately for an hour. The reaction 
temperature was 70 °C. The recipe of the reaction is given in Table 5-3. For the sake of 
comparison, the acrylic latex was blended with the alkyd emulsion WorléeSol E 150W in a 
polymer ratio 1:1. In order to make the composition of the blend equal to the latex W1, 0.5 






Table 5-3: Formulations of the polymerizations 
Reaction S1 S2 W1 W2 R1 
Water (g) 495.5 495.5 184.9 184.9 546 
Seed (g) - - - - 17.34 
MMA (g) 99.5 - 101.8 - 220 
BA (g) 99.5 29.9 102 30.5 220 
BMA (g) - 169 - 173 - 
SA (g) 7.96 7.96 8.14 8.14 - 
AA (g) 2 2 - - - 
Setal 293 (g) 209 209 - - - 
WorléeSol E 150Wa (g) - - 529.07 529.07 - 
NaHCO3 (g) 1.29 1.29 1.41 1.41 - 
Dowfax 2A-1b (g) 25.08 25.08 9.41 9.41 9.78 
KPS (g) 3.34 3.34 3.42 3.42 0.88 
TBHPc* (g) 12.11 2.2 14 5.6 6.6 
AsAc* (g) 1.19 0.2 1.3 0.54 1.10 
Water (g)* 166.7 117.6 164.7 173.9 7.3 
*during post-polymerization 
a 40 wt% in water 
b 45 wt% in water 
c 10 wt% in water 
Table 5-4: Formulation of the blend 
Blend R1 (g) WorléeSol E 150Wa (g) Dowfax 2A-1b (g) 
B1 50 50 0.44 
a 40 wt% in water 
b 45 wt% in water 




Droplet size was measured by dynamic light scattering using a Microtrac Nanotrac 
devise. The particle size of the final latexes were measured by both dynamic light scattering 
using a Malvern Zetaziser and hydrodynamic chromatography (HDC). Residual monomers 
were measured by gas chromatography. Solids content of the latexes was measured using a 
thermobalance. Glass transition temperature, Tg, of the acrylic polymer was measured by 
differential scanning calorimetry (DSC). The gel content of the polymers was determined by 
Soxhlet extraction. The molecular weight distribution and the mass fraction of alkyd grafted to 
the acrylic polymer (resin degree of grafting: RDG) in the sol fraction were determined by gel 
permeation chromatography (GPC). The double bond content of the resin in the particles was 
measured by iodine value titration. Particles morphology were determined by transmission 
electron microscopy (TEM).The samples were stained with OsO4 before analysis. The cross-
section topography was measured by atomic force microscopy. The mechanical properties of 
the films cast from the synthesized latexes were determined by tensile tests. A detailed 





5.3 Results and discussion 
5.3.1 Characterization and performance of acrylic / alkyd resin hybrid 
particles latexes  
Hybrid particles containing acrylic and alkyd phases were synthesized by miniemulsion 
polymerization. The characteristics of the synthesized latexes are summarized in Table 5-5. 
Post-polymerization was needed for all latexes due to the low conversion obtained. Indeed, low 
conversion is common for acrylic / alkyd hybrid latexes due to the fact that the alkyd acts as a 
radical sink.6–9 Residual monomers were higher for the acrylic formulation MMA/BA (50/50 
wt/wt) than BMA/BA (85/15 wt/wt). It has to be noted that a large fraction of residual monomers 
corresponded to BA in all cases, because of the lower reactivity ratio of BA. The higher 
concentration of BA in S1 and W1 with respect to S2 and W2 had also an effect on the 
conversion at the end of the regular polymerization. The higher the concentration of BA the 
lower the conversion likely due to the higher reactivity of the acrylate radicals to react with the 
double bonds of the alkyd that act as a radical sink. After post-polymerization, the residual 
monomers were still above industrial requirements (< 100 ppm) but were at sufficient low levels 
to continue the study. Larger particle sizes are obtained by DLS than HDC. HDC 
chromatograms showed the presence of a small fraction of particle with a diameter around 500 
nm. This second population resulted in higher value given by DLS as this method gives the z-
average diameter which is weighted towards larger particle sizes In Series W, the preformed 
alkyd particles were used as seed for the (meth)acrylic monomers. This led to higher number of 
final particles with lower particle size. 
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Table 5-6 presents the molecular weights and degree of grafting of the alkyd resin on 
acrylic chains (DG) before and after post-polymerization; the gel content and fraction of reacted 
resin doubled bonds on the final polymer; and the Tg of the acrylic polymer. An important 
characteristic is the number of reacted resin double bonds of the resin (RDB), because double 
bonds are needed for cross-linking. Table 5-6 shows that the fraction of reacted double bonds 
was relatively low in all cases (< 16%) leaving most of the double bonds for cross-linking. The 
molecular weight distributions were broad because they include the relatively high molecular 
weight of the acrylic polymer and the low molecular weight of the alkyd resin. Molecular 
weights of the soluble polymer of Series W were higher than in Series S. This was linked to the 
difference in particle size: smaller particles have higher molecular weights. Moreover, for the 
same number of grafting events, a higher molecular weight polymer will enhance gel formation. 
The increase of gel led to a decrease of molecular weight of the soluble polymer after post-
polymerization in Series W due to more likely incorporation of long chains into the gel. The 
grafted acrylic/alkyd hybrid that was contained in the gel hindered the calculation of the degree 
of grafting (DG). When low grafting was measured, the Tg of the acrylic phase was around 10-
15°C as expected. However, the Tg of W2 was lower due to the incorporation of the low Tg 

























S1 185 215 139.9 7600 (93.2) 2400 38.09 
S2 229 234 133 1360 (99.1) 630 40.9 
W1 115 170 88.3 8000 (91.3) 1600 36.55 
W2 103 187 88.5 3400 (97.5) 680 36.49 
R1 / 114 113.5 Not measured 1800 43.65 
* measured by DLS 
** measured by HDC 
 
Table 5-6: Effect of particle morphology on the polymer architecture 



















S1 2.6 120 7.9 0 2.6 130 8.4 1.9 12 
S2 2.6 165 5.4 0 2.7 165 6 0.5 15 
W1 4.5 320 * 39 3.6 190 * 11.1 15 





/ 0 850.5 1710 / / 22.7 
* not measurable due to the high amount of gel 
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5.3.2 Particle morphology 
Figure 5-1 shows the TEM images of the particle morphologies after post-
polymerization. Samples were stained with vapors of OsO4. With this staining, the alkyd resin 
will appear darker through reactions of the double bonds of the alkyd resin with the OsO4.10 
Two hours of staining were sufficient to see a contrast between the two polymers for series S 
whereas four hours were necessary for Series W. The particle morphology of S1, using a 
hydrophobic alkyd, resulted in a core-shell morphology with a core of alkyd resin and a shell of 
acrylic polymer. For system S2, with a more hydrophobic acrylic polymer, a half-moon 
morphology was obtained. This result is in agreement with what may be expected for the 
equilibrium morphology when the shell component of a core-shell morphology is rendered more 
hydrophobic.11 For Series W, the particle morphology of W1 was half-moon (shown by arrows) 
whereas W2 had a core-shell morphology with an alkyd-rich core and an acrylic rich shell. It 
has to be pointed out that the big particles looked darker due to their size and their morphology 










Figure 5-1: Particle morphology for the hybrid latexes, using the hydrophobic Setal 293 resin 
after post-polymerization (scale bar: 500 nm and 100 nm for S2) 
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5.3.3 Film morphology and properties 
Figure 5-2 presents the AFM of cross-sections of the latex films cast a room 
temperature. Films were allowed to cure one week before the measurement. S1 and S2 
presented a severe phase separation with alkyd domains with a diameter close to 1 µm due to 
the incompatibility between the alkyd resin and the acrylic polymer and the low grafting 
between them. The size of the alkyd aggregates seems to be bigger for S1 than for S2, which 
might be due to the lower interfacial tension between the acrylic polymer and the alkyd in S2. 
However, this conclusion should be taken with caution. For Series W, no major migration of the 
alkyd or acrylic rich domains was visible thanks to the higher compatibility between the phases 
through grafting. In W1, some aggregation of alkyd domains occurred due to the half-moon 
morphology of the particles. The structure of W2 was composed of a continuous phase of pure 
acrylic polymer and spherical domains composed of the pure alkyd and the grafted polymer in 
agreement with the initial core shell morphology. Figure 5-3 displays the AFM images of the 
cross section of the blend of acrylic particles with alkyd resin particles, B1. In this case a 
continuous acrylic phase can be seen with alkyd emulsion particles dispersed in it. The 
morphology was similar through all the film. Despite the difference of particles sizes between 
the two components of the blend, the alkyd particles presenting a particle size of 40 nm and the 









Figure 5-2: AFM DMT modulus images of the cross-sections latex films from the hybrid 
particles latexes. Dark regions correspond to the soft phase and bright region to the harder 
phase (scale bar: 1 µm, all images were done close to the air-film interface) 
  








Figure 5-3: AFM DMT modulus images of the cross-section of the blend B1 a) close to air-film 
interface, b) close to the film-substrate and c) in the middle of the film (Dark regions correspond 





Figure 5-4 and Table 5-7 present the results of the tensile tests measurements of the 
latex films, performed after two weeks of curing at 23 ºC and 55% relative humidity. No 
measurements were performed for R1 because the casting temperature was close to the MFFT 
of the latex, the film was brittle and presented large cracks. It has to be pointed out that, in 
addition to their difference in hydrophobicity, the alkyd resins have different compositions, 
which would lead to different final properties. Indeed, films from Series S presented low 
Young’s modulus compared to Series W. Moreover, S1 and S2 presented large difference in 
mechanical properties as S2 was tougher than S1. S1 presented larger domains of pure alkyd 
resins (Figure 5-2) which decreased the elongation at break. W1 and W2 presented similar 
toughness, but W2 had a lower stress at break and higher Young’s modulus. Two features 
have to be taken in account to explain these results. First, W2 had a lower Tg than W1 (TgW1 = 
15 ºC. TgW2 = -4 ºC, Table 5-6) which softened the film. Secondly, the acrylic polymer 
composed of MMA/BA in W1 gives a harder polymer than the one composed of BMA/BA in W2 
due to the difference the difference of reactivity ratio between methacrylates and acrylates. As 
the methacrylates are consumed faster than the acrylates, a gradient of polymers is formed in 
the polymer chains and the rich-MMA part harden the system due to its high Tg (TgMMA = 105 
ºC) compared to BMA (TgBMA = 32 ºC). The blend, B1, was more brittle (higher Young’s 
modulus and lower elongation at break) than the hybrids and the alkyd resin alone as the film 
was composed of an acrylic continuous phase with alkyd resin particles. Also, this system was 
free of gel compared to the hybrid of Series W which led to higher stiffness of the film. 
 




Figure 5-4: Stress-strain curves the films cast from the latexes at room temperature 
 









S1 4.9 ± 1.6 1.17 ± 0.17 2.32 ± 0.18 1.55 ± 0.32 
S2 1.4 ± 0.3 3.92 ± 0.62 1.68 ± 0.27 4.49 ± 1.36 
W1 12.2 ± 3.2 2.23 ± 0.25 3.59 ± 0.18 5.34 ± 1.1 
W2 20.8 ± 2.8 3.06 ± 0.17 2.61 ± 0.15 5.76 ± 0.4 
B1 64.92 ± 8.2 1.19 ± 0.32 3.52 ± 0.15 3.69 ± 0.72 





5.4 Incorporation of acrylic / alkyd resin hybrid as binders in 
paint formulations 
The addition of pigments to the formulation of paints strongly affects the film morphology 
and properties.3–5 Indeed, the pigments are dispersed into the polymer matrix and film 
formation is affected. Previous works showed that the binder composition (monomer system, 
presence of functional groups) has an effect on the dispersion of the pigment into the paints 
and consequently on the final morphology of the paints.3,12 Also, the additives used (dispersing 
agent, defoamer and thickener) can affect the film morphology and properties.13,14 Therefore, 
paint films can present a different behavior compared to the latex films and in the case of 
hybrid system the effect of the particle morphology can be hindered. In this part of the work, the 
effects of the use of hybrid particles as binders in paint formulation on paints properties were 
investigated. 
 
5.4.1 Preparation of waterborne paints 
Acrylic / alkyd resin hybrid latexes, the blend and the pure alkyd emulsion E 150W were 
used as binders in the preparation of glossy paints in a two steps process using the formulation 
in Table 5-9. First, the mill base (formulation in Table 5-8) was prepared by mixing the 
dispersant (Dispex CX 4231, BASF), rheology modifiers (Rheovis PU1 340 and Rheovis PU 
1191, BASF), defoamer (Tego Foamex 810, Evonik) and water while stirring at about 400 rpm 
using a speed disperser blade (Disperlux). The pigment (Tiona 595) was added slowly at 200 
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rpm. Then the mixture was stirred for 20 min. Finally, the polymer latex, a rheology modifier 
and water were incorporated to the mill base and mixed in a speed mixer for 1 min 50 at 2350 
rpm. Solids content of the latexes were previously increased to obtain final paints with a final 
solids content of 50% and the pH of the paints was increased to 8 to avoid coagulation during 
blending with the mill base. No paint was prepared with the pure acrylic latex (R1) due to 
coagulation during blending with the mill base. Paints were left for 24h before using. For the 
denomination of the paints, the letter P was added at the name of the corresponding latex used 
as binder in the paint. 
 
Table 5-8: Mill base formulation 
Compound Product Weight (g) 
Water  40 
Defoamer Tego Foamex 810 6 
Pigment dispersion Dispex CX 4231 (30 wt%) 7,5 
Ammonia 25 wt% 2 
High sheer thickener Rheovis PU 1340 (20 wt%) 14 
Low sheer thickener Rheovis PU 1191 (30 wt%) 2 
























PS1 40.8 120 54.3 4 1 50.2 
PS2 40.9 119.6 54.3 4 0.6 50.2 
PW1 40.9 119.6 54.3 4 0 50.2 
PW2 40.15 121.7 54.3 4 0 50.1 
PB1 40 121.5 54.3 4 0 50 
PR1 / / 54.3 / / / 
PE150W 40 121.5 54.3 4 0 50 
 
The pigment volume content (PVC) of paints is essentially the volume fraction of 
pigment in the total volume of solids in the paint calculated as 
𝑷𝑽𝑪 % =
𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒑𝒊𝒈𝒎𝒆𝒏𝒕
𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒃𝒊𝒏𝒅𝒆𝒓+𝒗𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒑𝒊𝒈𝒎𝒆𝒏𝒕
 × 𝟏𝟎𝟎                                                  (5-1) 
 
In paint technology, the terms gloss and matte refer to visual appearance of a finish with 
respect to its gloss level. Glossy paints reflect most light in the specular (mirror-like) direction 
and they provide a bright sheen when they are dried. Alkyd resins are used in glossy 
paints.15,16 For gloss paints, low PVC has to be applied to prevent particles disrupting the 
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surface and so reducing the gloss of the film.17 PVC below 20% is so typically used for gloss 
paints. In this study, the PVC of the formulated paints was 18%. 
 
5.4.2 Characterizations of the paints 
The morphology of the paints was analyzed by scanning electron microscopy using a 
Hitachi TM3030 scanning electron microscope. The mechanical properties of the polymer films 
were determined by tensile tests. 
In term of visual appearance, gloss is one of the key features of paints. Gloss was 
measured using a glossmeter BYK micro-TRI-gloss meter. A glossmeter measures the 
specular reflection. The light intensity is registered over a small range of the reflection angle. 
The intensity is dependent on the material and the angle of illumination. In case of coatings, the 
amount of reflected light increases with the increase of the illumination angle. The remaining 
illuminated light penetrates the material and is absorbed or diffusely scattered dependent on 
the color. In order to obtain a clear differentiation over the complete measurement range from 
high gloss to matte, 3 different geometries, i.e. 3 different ranges, were defined: high gloss, 
semi-gloss, and low gloss which are respectively measured with the 20°, 60° and 85° 





Water uptake of the paint films were measured, films from the paints were cast on PET 
film with a wet thickness of 500 µm. After drying for 4 days films were removed from the 
substrate and cut in a disk of 3 cm diameter. Cut films were let to dry at 23 °C and 55% of 
relative humidity for 10 additional days. Water uptake measurements were performed as for the 
latexes films for an immersion time of 24h.  
Chemical resistance of the paints was measured: red beet, coffee, mustard, lipstick 
and FeO2 were applied on the paint panels previously dried for two weeks for 30 minutes. Then 
the chemical were carefully removed with water and a clean paper cloth. The damages that the 
chemicals produced to the paint were measured by Lab color space. Five hours after removing 
the chemicals, the difference in color between the damaged paint and the clear paint was 
calculated with the formula:  
ΔE = √(L2
∗ − L1
∗ )2 + (a2
∗ − a1




where ΔE is the measure of change in visual perception of two given colors, Lab*2 are 
the colors space of the damaged film and lab*1 the color space of the film before contact with 
the chemical. Then, the changes of colors can be evaluated following the Table I-2. For the 
hand cream resistance test, the damages were measured in terms of differences of gloss and 
pendulum hardness of the films. 
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Table 5-103: Guide table for the determination of changes in colors 
ΔE Perception 
< 1 Not perceptible by human eyes 
1 – 2 Perceptible through close observation 
2 – 10 Perceptible at a glance 
11 – 49 Colors are more similar than opposite 
100 Colors are exact opposite 
 
5.4.3 Film morphologies and properties of the paints 
Figures 5-5 to 5-8 give the SEM images of the surfaces and fractures of paints films 
dried at 23 ºC and 55% of relative humidity for two weeks. PS1 was not homogeneous and the 
pigments appeared to segregate at the bottom of the film. However, pigments were 
homogenously present on the surface of the paint film. Paints from Series W presented a good 
pigment distribution into the film, which was in agreement with the latexes films morphologies. 
PB1 presented domains deprived of pigments through the entire film (Figure 5-8). PE 150W 
had a homogeneous film morphology due to homogeneous alkyd particles used as binder. Film 
morphology is not provided for PR1, the paint from the pure acrylic polymer, as it coagulated 
during paint preparation. This coagulation was due to an incompatibility between the acrylic 
polymer and the TiO2. Therefore, latex S1 which has the acrylic polymer in its shell presented 
incompatibility also, compared to S2 that showed a hemispherical shape was homogeneous. 




Series S and the corresponding paints were more compatible with TiO2. The incompatibility 







Figure 5-5: SEM images of the surface of the paints (scale bar: 10 µm)   


























































































































































































Figure 5-9 presents the values of gloss. For Series S, PS1 presented a low gloss compared 
to S2 despite their similar surface morphology. (Figure 5-5). Series W presented a high gloss 
resulting from a good pigment distribution on the surface of the film (Figure 5-5). The blend, PB1 
presented a lower gloss than the hybrid PW1 and PE150W. These differences in gloss could be 
related to surface roughness. However, no AFM measurements were performed on the paints to 
confirm this statement. 
  
 
Figure 5-9: Gloss of the paints 
 
Figure 5-10 and Table 5-11 give the mechanical properties of the paints. Paints from 
Series S were liquid like. As the same mill base was used for all paints there is nothing 
indicating that an inhibition of curing could have occurred with a component of the mill base for 
Series S. The results suggest that plasticization of the acrylic polymer by the alkyd resin 
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occurred for the paints from Series S. As these paints films were excessively soft, additional 
properties were not measured for this series. The other paints showed similar trends to the 
films cast from the latexes alone as described in Section 5.3.3. This indicates that although the 
inclusion of pigment may influence slightly film morphology, the general structure of the film is 
not significantly altered and therefore the trends observed in the latex films can be directly 
translated into the formulated product. Paints films were more brittle (higher Young’s modulus 
and stress at break and lower toughness) than the corresponding latex films (see Tables 5-7 
and 5-10) due to the incorporation of the hard pigment. 
 
  














PS1 2.7 ± 0.6 1.69 ± 0.13 0.31 ± 0.01 0.52 ± 0.03 
PS2 0.39 ± 0.05 5.9 ± 1.6 0.11 ± 0.06 0.9 ± 0.14 
PW1 44.6 ± 11.3 1.25 ± 0.09 4.74 ± 0.17 4.31 ± 0.4 
PW2 52.1 ± 9.9 1.53 ± 0.37 2.78 ± 0.12 3.53 ± 0.85 
PB1 142.5 ± 20.2 0.40 ± 0.07 5.08 ± 0.15 1.69 ± 0.26 
PE 150W 65.6 ± 7.4  0.53 ± 0.08 3.49 ± 0.26 1.38 ± 0.14 
 
Figure 5-11 gives the results of water uptake after 24h of immersion of the paints. The 
hybrids form Series W presented a high water uptake even though the same amount of 
surfactant was added to Series W and to the blend. The higher water of Series W is related to 
the presence of hydrophilic material. Actually, in Series W, the alkyd resin was predispersed 
into water without any surfactant. 




Figure 5-11: Water uptake of paint films (film thickness: 150 µm). Paint films were dried at 23 
ºC and 55% relative humidity for two weeks 
 
Figure 5-12 gives the results of the chemical resistance of the paints to red beet, coffee, 
mustard, lipstick and Fe2O3 dispersion measured after two weeks of curing at 23 ºC and 55% 
relative humidity. High value of ΔE corresponds to low resistance of the paint. PE150W, which 
contained homogeneous particles of alkyd resin, presented the best resistance to all 
chemicals. Paints from Series W and from the blend, PB1, had relatively low chemical 
resistance seemingly due to the presence of non-crosslinked alkyd which limit the performance 
of the final paints. However, this assumption has to be taken with precaution as more 









Latexes with different particle morphologies were synthesized by miniemulsion 
polymerization using two acrylic polymers (MMA/BA: 50/50 and (BMA/BA: 85/15) and two alkyd 
resins. Through variation of the hydrophobicity of the two components, core-shell and half-
moon particle morphologies were obtained. The films obtained with the hydrophobic alkyd 
resin, Series S, presented large phase separation due to the incompatibility of the two 
polymers, which led to film with low toughness. Latexes formed with the hydrophilic resin, 
Series W, presented high grafting of the alkyd resin on the acrylic polymer ensuring a 
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homogeneous film morphology. Moreover, the films morphologies were in agreement with the 
particle morphologies and the film properties were dependent of the acrylic composition. A 
comparison was made with a blend of acrylic particles and alkyd resin ones. The film from the 
blend was composed of an acrylic continuous phase with alkyd resin dispersed in it leading to a 
stiffer film than from the corresponding latex film. Paints were prepared using the latexes as 
binders. The morphology of the paints films were in agreement with those of the latex films. 
Moreover, paints properties were in the same orders than the latexes films meaning that the 
addition of pigments and additives did not disrupt the effect of the particle morphology and 
latex characteristics. In the context of the work of this thesis this is a significant result as it 
suggests information about the structure property relation of latex films can be directly 
translated into the formulated product.  
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Chapter 6. Synthesis of cellulose nanocrystal 
armored latex particles for mechanically 
strong nanocomposite films 
 
6.1 Introduction 
Cellulose constitutes one of the world’s most abundant sources of renewable polymers 
and is well known for its use in the form of fibers or derivatives in a wide spectrum of products 
and materials.1 Cellulose nanocrystals (CNCs) are rod-shaped, highly crystalline nanoparticles 
(Figure 6-1) with a typical width of 3-10 nm in width and lengths ranging from 100 to in excess 
of 1000 nm2,3, which can be extracted from wood,4 cotton,5 bacteria,6 agricultural waste7 and 
other plant sources.8–10 Cellulose nanocrystals are most commonly prepared by acid hydrolysis 
of microfibrils obtained by mechanical processing of wood fibers using sulfuric acid. This 
process hydrolyzes the amorphous part of the cellulose microfibrils to obtain nanocrystals with 
anionic sulfate half-ester groups on their surface (approximately 1 sulfate half-ester per 3 
nm2).11 One of the unique features of CNCs is their incredible mechanical strength as shown in 
Table 6-1. CNCs not only have a high axial elastic modulus (higher than Kevlar) and a high 
tensile strength, but they are also low density materials, which makes them particularly 
attractive to use in hybrid materials. Moreover, as a relatively low cost biopolymer, CNCs are 





Figure 6-1: TEM picture of a dispersion of cellulose nanocrystals (scale bar: 100 nm) provided 
by Alberta Innovates Technology Futures 
 
Table 6-1: Comparison of CNC properties with alternative reinforcing materials 




Kevlar KM2 fiber13 1.4 88 3.8 
Glass fiber14 2.5 86 4.8 
Carbon fiber15 1.8 210 4.1 
Stainless steel wire16 7.8 210 1.28 
Carbon nanotubes15 2.1 270-950 11-63 
CNC15 1.6 110-220 7.5-7.7 
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The high strength of cellulose derivatives (such as microfibrils and nanocrystals) allows 
them to substantially improve properties of composite materials.17–26 This is of particular 
interest in the development of mechanically strong polymer films cast from latex dispersions, 
where traditionally the strength of the film has been limited by the requirement of having 
relatively low Tg polymers in order to form a coherent film at room temperature.27,28 For 
example, Favier et al.18 used cellulose microfibrils (length of several µm, and width of 10-20 
nm) as reinforced material in a polymer matrix composed of poly(S-co-BA) by blending of the 
two dispersions. A rigid network was formed resulting from the strong interactions between 
adjacent whiskers by hydrogen bonding, which led to an enhancement of the mechanical 
properties.17 Indeed, the Young’s modulus passed from 0.2 MPa when no microfibrils were 
added to 32.3 MPa with 6 wt% of microfibrils. Vatansever et al.29 utilized blends of a poly(MMA-
co-BA) latex with dispersions of CNCs of different concentration (1, 2 and 3 wbp%, weight 
based on polymer). They measured the mechanical properties of these films and compared 
them with a blend of the poly(MMA-co-BA) latex with sodium montmorillonite (Na-MMT, 3 
wbp%). Mechanical properties were enhanced for both systems, with better results for the 
CNCs composite. They claimed that this enhancement was thanks to the improved dispersion 
of the CNCs in the polymer and their crystallinity. 
An interesting approach to achieve intimate contact between CNCs and the latex, and to 
thus control the subsequent film structure, is through the use of CNCs as a stabilizer in the 
production of the latex itself. The use of solid particles to stabilize emulsions, known as 
Pickering stabilization, has been well documented since the beginning of the 20th century,30,31 




1930s.32 Pickering miniemulsion polymerizations, which allow for the production of particles 
that can be used in the dispersed state (for example in coatings applications) have been 
developed over the last 15 years, predominantly using silica and nanoclay as the solid 
stabilizer.33–35 Emulsion polymerization processes to generate solid stabilized latexes have also 
been reported,36–41 marking a major step in the industrial viability of such processes.  
The ability of CNC to act as Pickering stabilizers has become a subject of great interest 
over the past decade.42–51 Adsorption of CNCs to liquid-liquid interfaces is strong and 
furthermore, due to the high interfacial area occupied by a single particle, low concentrations 
are required to obtain stable emulsions. While most demonstrations of the ability of CNC to act 
as emulsion stabilizer are for non-polymerizable oils, a few works have reported on formation 
of emulsions of vinyl monomers such as styrene or methyl methacrylate which is of interest 
here for the generation of hybrid latex particles.42,44,45,47–50,52,53 However, in almost all these 
examples the monomers have been polymerized in suspension leading to large, micron sized 
particles, which have limited practical application.  
Kalashnikova et al. reported the efficient Pickering stabilization of hexadecane with 
bacterial cellulose nanocrystals (BCN) with a length of 850 nm and a width of 20 nm (aspect 
ratio: 43). Due to the length of the nanocrystals the resulting emulsion droplets were large 
(approximately 4 μm).42 By emulsifying styrene and subsequent suspension polymerization 
using a hydrophobic azo based initiator they obtained large polymer microparticles as well as a 
crop of nanosized particles that were formed during the polymerization. Moreover, SEM 
pictures given in Figure 6-2 show that despite their crystalline nature, the BCN could bent on 
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the surface of the particles. Fujisawa et al. presented the use of cellulose nanofibrils to form 
stable Pickering emulsions with styrene.47 The initial emulsion droplet size was on the order of 
microns but, similar to other reports and common to many suspension polymerization 
processes,54 upon polymerization an additional crop of significantly smaller particles were 
obtained. Similarly, Werner and coworkers reported the use of acetylated CNCs to produce 
stable Pickering emulsions of a wide range of monomers.48,52 Hydrophobic initiators were used 
to induce the suspension polymerization leading to formation of micron sized particles with a 
second population of small nanosized particles. 
 
 
Figure 6-2: SEM images of polystyrene particles stabilized with bacterial cellulose 
nanocrystals.42 Reproduced with permission from American Chemical Society 
 
Kedzior et al. used CNCs blended with various surfactants to form stable emulsions with 
methyl methacrylate.44 When CNCs and surfactants of the same charge were used, there was 




miniemulsion was obtained in which the CNCs did not interact with the miniemulsion formation 
and subsequent polymerization yielded a blend of surfactant stabilized latex particles and 
CNCs. Conversely, when the CNCs and surfactants were of opposite charge, the charge 
neutralized CNC stabilized the latex and led to the formation of micron-sized CNC armored 
particles. Subsequently, the biopolymer methyl cellulose has been used in a similar way to coat 
the CNCs for the stabilization of methyl methacrylate in water emulsions.50 Polymerization 
resulted in a dispersion that contained methyl cellulose coated CNC stabilized particles of 
several microns diameter and free methyl cellulose stabilized nano particles. Ben Mabrouk et al 
demonstrated the synthesis of CNC-polymer nanocomposites by miniemulsion polymerization 
of butyl methacrylate.49 Negatively charged cellulose nanowhiskers were used in combination 
with a cationic surfactant to stabilize the miniemulsion. However, SEM images suggest that the 
cationic surfactant played the main role in stabilization and a large number of particles did not 
appear to have any nanocellulose at the surface.  
To the best of our knowledge the only report in the literature of a true solid stabilized 
miniemulsion system that results in formation of a stable latex is that reported by Zhang and 
coworkers.55 By using hydrophobically modified CNCs they showed that stable styrene in water 
miniemulsions with average droplet size as low as 250 nm could be formed. Subsequent 
polymerization led to stable latexes with nanocellulose clearly adsorbed to the surface. Thus, 
except for this one report on miniemulsion polymerization the majority reports to date that 
involve CNC stabilized polymer dispersions are based on suspension polymerization type 
systems that lead to micron sized particles. It should be noted that the use of miniemulsion 
polymerization also comes with its drawbacks due to the large amounts of energy required to 
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generate the initial nanosized emulsion droplets, which leads to issues with regards to scaling 
up.56 
In this work, we report the synthesis of cellulose nanocrystal armored latex particles 
directly by emulsion polymerization. As the cellulose nanocrystals are highly hydrophilic with a 
strong anionic charge, a cationic initiator was employed in order to induce electrostatic 
interactions between the latex and the CNCs, resulting in their adsorption to the interface 
polymer water interface (Scheme 6-1). The parameters that control particle formation and 
emulsion stability were explored in order to obtain stable hybrid latexes. Films were cast from 
different hybrid latex dispersions and their mechanical properties were explored. It is shown 




Scheme 6-1: Schematic representation of the formation of CNCs armored poly(methyl 
methacrylate-co-butyl acrylate) particles with a cationic 2,2′-azobis(2-methylpropionamidine) 




6.2 Experimental part 
6.2.1 Materials 
Methyl methacrylate (MMA, technical grade, Quimidroga) and butyl acrylate (BA, technical 
grade, Quimidroga)) were used as received. 2,2′-Azobis(2-methylpropionamidine) 
dihydrochloride (AIBA, 97%, Sigma-Aldrich) was used as thermal initiator. Cellulose 
nanocrystals were provided by Alberta Innovates Technology Futures. Deionized water was 
used throughout the work.  
 
6.2.2 Synthesis of CNC stabilized particles and blends preparation 
A 10.9 wt % solids content emulsion was prepared using the formulation, L1, in Table 6-
2. The cellulose nanocrystals, with the characteristics described elsewhere,3 were dispersed in 
water and sonicated for 10 min with a Hiehscher sonicater at amplitude of 100 %. Then, the 
initiator, 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AIBA) was dissolved in 10 wt% 
of the total amount of water and added to the dispersion under agitation. The mixture was 
poured into a 500-mL glass reactor equipped with a reflux condenser, an Ekato Mig impeller 
and nitrogen inlet. The monomers (methyl methacrylate (MMA)/ butyl acrylate (BA): 50/50 
wt/wt) were added under agitation at 250 rpm (for L10, agitation was 350 rpm due to the high 
viscosity of the medium). The system was purged with nitrogen for 20 min then heated to 70 
°C. When the temperature was reached, the nitrogen outlet was moved on top of the reaction 
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mixture to form a nitrogen blanket.  After formation of the emulsion (the reaction media turned 
white), the agitation was decreased to 150 rpm and the mixture was left to react for 7 hours. 
For latex L0, the initiator and the water were poured into the reactor equipped as before. The 
monomers were added under agitation at 150 rpm. The system was purged with nitrogen for 20 
min and left to react at 70 °C for 7 hours. Table 6-2 summarizes the different reactions 
performed with variation of the initiator and CNC concentration and solids content. 
 
Blends were prepared with latexes L5 and L0 (latex devoid of CNCs). The idea was to 
decrease the amount of CNCs in the final film while blending L5 with a conventional polymer 
latex. The different blends are summarized in Table 6-3. 
 
Table 6-3: Compositions of the different blends of L5 and L0 (see Table 6-1) 
Name Ratio L5 (g) L0 (g) CNCs (wbp %) 
L5:L0 - 9:1 9:1 9 1 18 
L5:L0 - 2:1 2:1 6.66 3.33 13.3 
L5:L0 - 1:1 1:1 5 5 10 

































































































































































































































































































































































































































































































































































Zeta potential was calculated from the measure of electrophoretic mobility of the latexes 
and the CNCs dispersion. The particle morphology and particle sizes of the latexes and blends 
were measured by transmission electron microscopy (TEM). The film morphologies were 
studied by means of Atomic force microscope (AFM). The mechanical properties of the films 
cast from the synthesized latexes and blends were determined by tensile test measurements. 
A detailed description of the characterization methods is provided in Appendix I.  
6.3 Results and discussion 
6.3.1 Interactions between CNCs and cationic initiator (AIBA) 
The zeta potential and viscosity of the aqueous phase mixtures of CNCs and the 
cationic initiator AIBA were first measured in the absence of monomer to gain an insight into 
the nature of the interaction that may take place between CNCs and AIBA during the 
polymerization process. Figure 6-3 shows the effect of CNCs and AIBA concentrations on the 
zeta potential (which is proportional to the surface charge). A similar plot , showing the effect of 
the CNC/AIBA charge ratio, calculated using previously published values for the charge density 
of the CNCs, is shown in Figure III-1 in Appendix III.3 In this plot it can be observed that when 
described as a charge ratio all the data in Figure 6-3 collapse onto a single line. It should be 
noted that the model for calculation of zeta potential from electrophoretic motion relies on the 
assumption of a spherical particle and therefore these measurements serve only to compare 




small amounts of AIBA resulted in a rapid increase in the zeta potential, signifying that high 
charge suppression of the anionic sulfate half ester groups from the CNCs with AIBA occurred. 
Similarly, although to a lesser extent, with 20 g/L of CNCs as the concentration of AIBA was 
increased the zeta potential increased and at 1 g/L of AIBA, high charge suppression occurred. 
With 30 g/L of CNCs even at higher concentrations of AIBA (1 g/L) only moderate charge 
compensation of the sulfate half esters groups occurred, meaning that free sulfate half ester 
groups were present. With the increase of AIBA concentration to 2 g/L, the zeta potential 
became less negative and resulted in increased aggregation.  
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Figure 6-4 presents the viscosity of the dispersions. Due to the high aspect ratio of the 
CNCs, they present a relatively high viscosity, even at low volume fractions. The charge 
suppression measured with the zeta potential can also be seen in the viscosity of the aqueous 
CNCs dispersions which increases with increasing AIBA content up to 1 g/L as partial CNC 
aggregation occurs with increasing AIBA content. The shear thinning behavior observed at 
higher AIBA concentrations also suggests the formation of aggregates. At AIBA content of 2 
g/L the effect on viscosity is different dependent on the concentration of CNCs. At 30 g/L CNC 
above 1 g/L AIBA zeta potential continues to decrease (see Figure 6-3) and thus the dispersion 
becomes more prone to aggregation and becomes more viscous. However at 10 g/L CNC the 
viscosity at 2 g/L AIBA is lower than at 1 g/L. Looking at the effect on zeta potential in Figure 6-
3 it can be seen that in this case the increase in AIBA content does not have any influence on 
the zeta potential and thus it can be assumed that any additional AIBA is free in the aqueous 
phase. As a result this increases ionic strength of the medium and may explain the reduction in 
viscosity in this case. Based on these results it can clearly be seen that the degree of charge 
suppression and stability of the CNC dispersion is highly dependent on the relative ratio of the 
cationic initiator to the amount of CNCs and we therefore proceeded with a number of emulsion 







Figure 6-4: Viscosity of different solutions of cellulose nanocrystals with variation of 2,2′-
Azobis(2-methylpropionamidine) dihydrochloride with a) 10g/L of CNCs, b) 20g/L of CNCs and 
30 g/L of CNCs (black ★correspond to no AIBA CNCs, red  to 0.5g/L of AIBA, blue ▲ to 1 g/L 
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6.3.2 Characteristics of the different latexes 
Table 6-4 summarizes the results of the polymerizations based on the formulations 
given in Table 6-2. Figures III-22 to III-6, in Appendix III, give the TEM pictures of the latex 
dispersions and the particle size distributions determined by TEM. A first acrylic polymer latex, 
L1, was synthesized by batch emulsion polymerization using 20 wbm % (weight based on 
monomer) of CNCs as stabilizer with 1 wbm % of cationic initiator. For reference, this 
corresponds approximately to the system containing 20 g/L CNC and 1 g/L AIBA in the 
experiments shown in Figures 6-3 and 6-4. Full conversion (X>99.5%) was reached with 110 
ppm of residual monomers and a limited amount of aggregated polymer (5.8 wt%, see Table 6-
4). The small amount of aggregated polymer present is likely due to the high charge 
suppression of the anionic sulfate half ester groups of the CNCs by the AIBA that results in 
some partial coagulation between the armored latex particles. As large particles with a broad 
particle size distribution (PSD) were found, TEM was used to determine the PSD (Figure 6-5). 
The distribution was broad with an average particle size of 165 nm. The TEM image shown in 
Figure 6-5 suggests that the nanocrystals were indeed covering the particles with some free 
CNC. It should be noted that when no CNCs were added to the formulation (latex L0) 
stabilization occurred as a result of electrostatic interactions due to the use of the charged 
initiator.57 However, particle size was high (420 nm, Figure 6-5) indicating that the presence of 













































































































































































































































































































































































































































































































































Figure 6-5: a) TEM image of particles from latex L1 (scale bar: 500 nm) and b) Particle 
size distribution 
 
Taking this formulation as a reference, the initiator and CNCs concentrations were 
varied in order to gain an insight into the polymerization process. In latex L2, with 30 wbm% of 
CNCs and 1 wbm% of AIBA, due to the increase of viscosity of the system again some 
aggregation occurred (7 wt% coagulation). This may be linked to diffusion limitations of 
adsorption of the CNCs to the latex particle surface at higher CNC concentrations. However, 
the particle size distribution was narrower (Figure III-3). With a low concentration of CNCs (10 
wbm%) in latexes L3 and L8, due to the large degree of charge suppression of the anionic 
sulfate half esters groups of the CNCs, a high amount of coagulation was observed during the 




2 wbm%, leading to a high amount of charge suppression and as such, due to the aggregation 
of CNCs, a high amount of coagulation took place during the reaction (87 wt%).  
Thus, the stability of the latex is highly dependent on surface charge density of the 
CNCs. At an optimum concentration of AIBA, the hydrophilicity of the CNC particles is 
sufficiently reduced such that they adsorb to the surface of the latex particle without complete 
suppression of the surface charges that leads to high amounts of coagulum. As such latex L5 
was synthesized containing lower amounts of AIBA (0.5 wbm%). In this case a stable latex was 
obtained with negligible aggregated polymer. Figures 6-6 confirmed the presence of CNCs at 
the surface of the particles. Further decrease of the initiator concentration to 0.25 wbm% (latex 
L6) led to an equally stable latex. However, in this case a large amount of free CNCs is 
noticeable on the TEM picture and the particle size distribution was broad (Figure III-6). This 
was due to a high residual charge on the CNCs which renders them strongly hydrophilic and 
prevents adsorption to the polymer-water interface. Similarly, with a high concentration of 
CNCs and a low concentration of AIBA (latex L7), a stable latex was formed. Particle size was 
small (160 nm) suggesting that the particles were stabilized by CNCs but in this case a large 
amount of free CNCs were also present in the water phase (Figure III-4). Solids content was 
successfully increased to 15 wt% (latex L9), however particle size distribution was broader 
(Figure III-5). Increasing to 20 wt% (latex L10) resulted in a significant increase of coagulum 
which may be related to the high viscosity of the system when increasing the amount of CNC. 
These results point to an optimum CNC/AIBA charge ratio of around 1 whereby at lower values 
significant aggregation/coagulation of the polymer occurs whereas at much higher values the 
Synthesis of cellulose nanocrystal armored latex particles for mechanical strong nanocomposite films 
229 
 
CNC does not adsorb to the polymer surface and the final product is effectively a blend of latex 




Figure 6-6: a) TEM image of particles from latex L5 (scale bar: 500 nm) and b) Particle 
size distribution 
 
6.3.3 Films morphologies and properties 
It has previously been reported that polymer colloids stabilized with inorganic particles 
are able to form coherent films that offer outstanding mechanical properties28,58,59 and new 
functionalities60. Therefore, the ability to form films of the CNC armored latex particles 
synthesized above was checked. For latex L5, it was found that at 23 °C and 55% relative 



















humidity the film was transparent although it presented large cracks due to stress buildup in the 





Figure 6-7: Films cast from latex L5 at 55% relative humidity and a) 23ºC and b) 65ºC 
 
Figure 6-8 presents the AFM height images of the air-film interface as well as that of the 
cross-section of the film cast at 23 °C. It can be seen that the particles were covered by CNCs 
and presumably this hard shell hindered particle deformation, preventing the formation of a 
coherent film. White dots were visible in the image of the cross-section. These dots did not 
appear in the film cast from a latex devoid of CNCs (Figure 6-8 d)), which strongly suggests 
that they were aggregates of CNCs located at the boundaries where several particles joined. 
This indicates that even for this well stabilized latex a fraction of the CNCs remained dispersed 
in the water. The cross-section of the film cast at 65 °C and 55% relative humidity (Figure 6-9) 
was similar to that cast at 23 °C, but the fact that a coherent and transparent film was obtained 
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indicates that the polymer was able to overcome the resistance offered by the CNCs covering 







Figure 6-8: AFM height images of a) and b) the air-film interface, c) the cross-section of a 







Figure 6-9: AFM height images of the cross-section of a dried film at 65 ºC and 55% relative 
humidity of a) L5 and b) L0 
 
In order to allow film formation to occur at room temperature, different blends were 
prepared with the latexes L5 and L0 in various proportions. The characteristics of the blends 
(CNC content, zeta potential and Tg) is given in Table III-1 in Appendix III. In these blends, the 
small anionically charged CNC armored particles of L5 (with a zeta potential of -31 mV) can 
adsorb on the large cationic charged ones of L0 (with a zeta potential of +42.1 mV). This 
avoids segregation of particles by size during film formation leading to a good dispersion of the 
CNC stabilized particles in the film.64–67 However, the colloidal stability of such blends which 
contain mixtures of oppositely charged particles also has to be taken in account. Indeed, 
blends with an amount of L0 superior to 33 % coagulated. In this case, as the cationic particles 
are in excess, addition of the anionic particles serves to connect particles together, leading 
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eventually to coagulation (see schematic in Scheme 6-2). With lower amounts of L0, stable 
mixtures were obtained which formed homogeneous films at 23 °C. Although L5 itself is not 
able to form a film at 23 °C, in the blends up to 66 wt% could be included whilst still forming 
homogeneous films without cracks at room temperature. Above this amount free CNC armored 
particles result in particle deformation being prevented (see schematic in Scheme 6-2).  
 
 
Scheme 6-2: Schematic view of the blends between L5 and L0 
 
As a representative case, Figure 6-10 presents the AFM height images of the air-film 
interface, film-substrate interface and cross-section of a film from the blend L5:L0 - 1:1 dried at 
23 °C and 55% relative humidity. Despite the difference of particles size (L5: 165 nm and L0: 
417 nm) the two types of particles were homogeneously distributed in the film, without 












Figure 6-10: AFM height images of the a) air-film interface, b) film-substrate interface and c) 
cross-section of a dried film of the blend L5:L0 - 1:1 at 23 ºC and 55% relative humidity 
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A major interest of the CNC armored particles is their influence on the mechanical 
strength of the films. For example, films cast from pristine CNCs with similar properties as the 
ones used in this study have a Young’s modulus of 2.1 GPa.68 Therefore, films from latexes L5 
and L0 and their blends were dried at 65 °C in Teflon molds for 24h and the mechanical 
properties measured. A thermogravimetric analysis was performed to confirm that all the water 
was removed from the films (see Figure III-7 in Appendix III). DSC of the dried films showed a 
difference in the glass transition of the latex containing CNCs (see Table III-1 and Figure III-8). 
There are two factors that may contribute to this observation. On the one hand it has previously 
been observed that glass transition temperature can be changed by the introduction of filler 
particles such as silica.69–71 On the other hand, this may be related to a wide composition drift 
in the reaction due to the higher reactivity of MMA in the copolymerization72 and the diffusion 
limitations of the BA to the particle. This results in a wide compositional polydispersity and can 
broaden the range of the Tg.  
The results of the tensile tests are given in Figure 6-11 and Table 6-5. The film from 
latex L5 presented a high stiffness (40x the Young’s modulus and 8x the stress at break of 
latex L0). However, the flexibility was excessively low due to the high amount of CNCs added 
to the polymer (20 wt%) and, furthermore, as previously mentioned such films cannot be 
formed at ambient temperature. When the proportion of L0 in the blend was increased, the 
Young’s modulus decreased and the elongation at break and toughness increased in line with 
the decrease in the concentration of CNC in the system. With 6.66 wbp% of CNCs (namely the 
blend L5:L0 - 1:2) the highest toughness was reached with a relatively high Young’s modulus 




1:2) the Young`s modulus is an order of magnitude higher than the blank latex L0 in which the 
polymer has a composition typical of that of a film forming latex used in emulsion paints. For 
the blend L5:L0 – 2:1, which is also capable of forming a film at ambient temperature, the 
Young’s modulus in excess of 1 GPa is unprecedented for latex polymers and demonstrates 
the potential of using CNC armored latex particles to produce high strength polymer films cast 
from aqueous dispersions.  
 
 
Figure 6-11: Stress-strain curves for latexes with low initiator concentration: L5 with CNCs and 
L0 without CNCs and the blends dried at 65 ºC and 55% relative humidity 
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L5 1708 ± 320 0.03 ± 0.01 22.5 ± 10 2.9 ± 0.7 
L5:L0 – 9:1 1220 ± 180 0.16 ± 0.07 18.4 ± 1.6 3.2 ± 0.3 
L5:L0 – 2:1 1074 ± 72 0.23 ± 0.07 17.8 ± 1.9 4 ± 1.5 
L5:L0 – 1:1 527 ± 70 0.879 ± 0.2 11.7 ± 0.2 9.4 ± 1.9 
L5:L0 – 1:2 405 ± 38 1.28 ± 0.55 13.6 ± 2.5 14.9 ± 7.4 
L0 39 ± 5 2.88 ± 0.11 7.2 ± 0.3 14.1 ± 0.7 
 
6.4 Conclusions 
CNCs represent one of the strongest natural materials known and when incorporated 
efficiently into a conventional polymer film can significantly increase its mechanical strength. In 
order to synthesize CNC armored latex particles for use as coatings, emulsion polymerization 
of an acrylic latex was conducted using a cationic initiator in the presence of CNCs. The 
electrostatic interactions between the anionic cellulose nanocrystals and the cationic initiator 
drove adsorption to the polymer/water interface and led to a formation of CNC armored latex 
particles. The relative amount of CNC to the cationic initiator was critical in the formation of 




conversion could be obtained. A homogeneous and transparent film from the latex could be 
obtained at elevated temperature. However, the film was brittle due to the nature of the CNCs. 
Blending of the CNC armored latex with a conventional, cationically stabilized latex allowed for 
the possibility to obtain a film with outstanding mechanical properties yet capable of forming a 
film at room temperature, offering the potential future development of hard VOC-free coatings. 
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Chapter 7. Linking film structure and mechanical 
strength in nanocomposite films formed from 
heterocoagulated dispersions of cellulose 
nanocrystals(CNC) and acrylic latexes 
 
7.1 Introduction 
In Chapter 6, the synthesis of cellulose nanocrystals anchored latex particles was 
described and it was shown that these hybrid particles led to reinforced films thanks to the 
CNCs dispersed in the polymer matrix. In this chapter, we describe the synthesis of hybrid 
particles of a meth(acrylic) polymer and CNCs by heterocoagulation processes based on 
interactions between particles of dissimilar natures. The heterocoagulation processes were 
controlled by electrostatic interactions of the anionic CNCs (due to the presence of sulfate half 
ester groups) with preformed cationically charged particles latexes.  
Two distinct hybrid particle morphologies were obtained using cationically charged 
particles of different sizes. On one hand, when the latex particles were larger (dp = 510 nm) 
than the length of CNCs, the CNCs adsorbed onto the polymer particle surface (Scheme 7-1). 






Scheme 7-1: Heterocoagulation process using large cationically charged particles and 
cellulose nanocrystals 
 
On the other hand, when small polymer particles were used (namely under 30 nm 
radius), the polymer particles adsorbed onto the CNCs (Scheme 7-2). Adsorption of polymer 
particles onto the surface of inorganic materials has been used in the past to obtain core-shell 
particles with the polymer forming the shell.1 However, as illustrated in Scheme 7-2, the 
expected morphology was not core-shell. This technique favors good dispersion of the 
inorganic material in the polymer matrix, which improves the mechanical properties. 
 
Scheme 7-2: Heterocoagulation process using small cationically charged particles and 
cellulose nanocrystals 
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For the sake of comparison, CNCs were blended with anionically charged latex particles 
(Scheme 7-3). As shown in Section 6.1, cellulose derivatives can directly be blended with an 
anionically charged particles latex at high solids content, improving the mechanical properties 
of the composite film.2–4 However, films cast from such dispersions may result in phase 
separation of the two colloids and lead to poor physical properties of the film.5,6 
 
Scheme 7-3: Schematic view of a blend of CNCs with anionically charged particles latex 
 
7.2 Experimental part 
7.2.1 Materials 
Methyl methacrylate (MMA, technical grade, Quimidroga) and butyl acrylate (BA, 
technical grade, Quimidroga)) were used as received. 2,2′-Azobis(2-methylpropionamidine) 
dihydrochloride (AIBA, 97%, Sigma-Aldrich) and potassium persulfate (KPS, Sigma-Aldrich) 
were used as thermal initiators. Dowfax 2A-1 (alkyldiphenyloxide disulfonate, Dow Chemical 




>99%) were used as surfactants. Sodium bicarbonate (NaHCO3, Sigma-Aldrich, >99.5%) was 
used as received. GPC grade tetrahydrofuran (THF, Scharlau) was also used as received. 
Cellulose nanocrystals were provided by Alberta Innovates Technology Futures. Deionized 
water was used throughout the work.  
 
7.2.2 Synthesis of the acrylic polymer latexes and hybrid preparation 
A 35 wt % solids content latex (LLC: Latex with Large Cationically charged particles) 
stabilized by a cationic emulsifier (dodecyltrimethylammonium bromide, DMAB), was 
synthesized using a cationic initiator (2,2′-Azobis(2-methylpropionamidine) dihydrochloride, 
AIBA) by semi-continuous emulsion polymerization. The formulation used to prepare the latex 
is given in Table 7-1. The polymerization was carried out in a 1- L glass reactor equipped with 
a reflux condenser, an Ekato Mig impeller, sampling device and nitrogen inlet. The temperature 
of the reaction was 70 ºC and the agitation rate 180 rpm. The initial charge was a solution 
composed of 1 wt% of the total surfactant, 50% of the total water and all of the NaHCO3. The 
initial charge was purged with nitrogen for 30 minutes. After reaching the desired temperature 
(70 ºC) the rest of the formulation was fed during 6 hours. Afterwards the latex was left to react 
in batch for another hour. 
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A 5 wt% solids content latex, (LSC: Latex with Small Cationically charged particles) was 
synthesized by semi-continuous emulsion polymerization. Particles were stabilized by the 
combination of the nonionic polymeric surfactant (Emulan OG) and the cations resulting from 
AIBA that was used as initiator. The formulation used to prepare the latex is given in Table 7-1. 
The polymerization was carried out in a 500- mL glass reactor equipped with a reflux 
condenser, a stainless steel anchor type stirrer, a sampling device and nitrogen inlet. The 
temperature reaction was 70 ºC and the agitation rate 180 rpm. An initial charge of a solution 
composed of the total amount of surfactant and water was added to the reactor together with 5 
wt% of the total amount of monomers. The initial charge was purged with nitrogen for 30 
minutes. After reaching the desired temperature (70 ºC), the initiator, previously dissolved in a 
minimum amount of water, was added as a shot. Five minutes after the addition of the initiator, 
the rest of the monomers was fed for 2 hours. Then, the latex was left to react batchwise during 
2 hours. 
A 35 wt% solids content latex (LA: Latex with Anionically charged particles) was 
synthesized by semi-continuous emulsion polymerization. Particles were stabilized by an 
anionic emulsifier, Dowfax 2A-1. The formulation used to prepare the latex is given in Table 7-
1. The polymerization was carried out in a 1- L glass reactor equipped with a reflux condenser, 
a stainless steel anchor type stirrer, a sampling device and nitrogen inlet. The temperature 
reaction was 70 ºC and the agitation rate 180 rpm. The initial charge was a solution composed 
of 1% of the total surfactant, 50% of the total water and all of the NaHCO3. The initial charge 




rest of the formulation was fed for 3 hours. Afterwards, the latex was left to react batchwise 
during 1 hour. 
Finally, a 3 wt% dispersion of CNCs was prepared as follows: the freeze-dried CNCs 
were dispersed in water, and let under magnetic agitation for 15 min. Then, the dispersion was 
sonicated for 10 minutes in order to disperse the agglomerates. The latexes (previously diluted 
to 20 wt% for LLC and LA) were then blended with the 3 wt% dispersion of cellulose 
nanocrystals (in order to obtain a concentration of 20 wbp % of CNCs) under an agitation of 
1000 rpm. Moreover, different amounts of cellulose nanocrystals (2.5, 5, 10 and 20 wbp %) 
were blended with the latexes LA and LSC in order to study the effect of the concentration of 
cellulose nanocrystals on film properties. 
Table 7-1: Formulation of the latexes 
Compounds LLC (g) LSC (g) LA (g) 
Water 617 332 616 
DMAB 9.69 - - 
Emulan OG - 3.8 - 
Dowfax 2A-1 - - 6.6 
MMA 180 8.8 180 
BA 180 8.8 180 
AIBA 2.52 0.245 - 
KPS - - 1.8 
NaHCO3 0.2 - 0.2 




The particle size of the final latexes and blends were measured by dynamic light 
scattering (DLS), Zeta potential was calculated from the measure of electrophoretic mobility of 
the latexes and the CNCs dispersion. The molecular weight distributions were determined by 
gel permeation chromatography (GPC). Particles morphology was determined by transmission 
electron microscopy (TEM). The film morphologies were studied by means of atomic force 
microscope (AFM). The mechanical properties of the films cast from the synthesized latexes 
and blends were determined by tensile test measurements. A detailed description of the 
characterization methods is provided in Appendix I.  
 
7.3 Results and discussion 
7.3.1 Interactions between CNCs and the latexes particles 
The characteristics of the latexes synthesized by semi-batch emulsion polymerization 
are given in Table 7-2. Due to the different strategies used for polymerizations, the latexes 
presented different surface charges, particle sizes and molecular weights. Comparison 
between LLC and LSC shows that particle size was smaller for LSC likely due to the 
contribution of the non-ionic surfactant used (Emulan OG). There were also surprising results. 
On one hand, the larger particles (LLC) had a lower zeta potential (9.8 mV) than LSC (31.4 




surface area was higher than for LSC. The low zeta potential of LLC led to partial coagulation 
of the latex with storage time. The second surprising result was that the molecular weight of the 
polymer was lower for the latex with small particles (LSC), when the opposite is expected in 
emulsion polymerization for the case in which the radicals are produced in the aqueous phase. 
A possible explanation of these surprising results is that the radicals were not only produced in 
the aqueous phase. Although AIBA is completely soluble in water, it partitions between the 
aqueous and organic phases (the partition coefficient octanol-water is PoW=0.3,7 which is 
similar to that of the n-propanol8). Therefore, a non-negligible fraction of radicals were 
generated in pairs within the polymer particles. This had two consequences. On one hand, the 
molecular weight is lower in the small particle because the radicals terminate rapidly.9 On the 
other, some of the stabilizing moieties from the initiator became buried in the polymer particles, 
and the fraction that became buried was likely greater for the large particles. In addition, the 
positive charges of the initiator hindered the adsorption of the cationic surfactant leading to a 
low zeta potential. 
These three latexes were then blended with a dispersion of cellulose nanocrystals to 
form hybrid particles. In order to obtain a blend with a relatively high solids concentration, a 3 
wt% CNCs dispersion was used. Above this concentration, due to the high aspect ratio of the 
CNCs, the dispersion was too viscous and coagulation occurred during blending. As described 
in the experimental part, the latex LLC was added to the CNC dispersion under vigorous 
agitation. This ensured that the surface charges of the latex particles were rapidly masked by 
generation of the CNC armored structure (see Scheme 7-4a) and prevented aggregation 
between partially covered particles. When, alternatively, the CNC dispersion was added to the 
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Scheme 7-4: Representation of a) addition of the cationic latex on CNC particles giving 
rise to CNC armored latex particles and b) addition of the CNC particles on the cationic latex 
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The zeta potential of the blends was monitored during the addition of LLC to the CNC 
dispersion (see Table 7-3). At all ratios, the zeta potential was close to the zeta potential of a 
pure CNC dispersion indicating a large excess of CNCs. The final blend presented a 
concentration of cellulose nanocrystals of 20 wbp% (weight based on polymer). Higher 
loadings of polymer were impossible to obtain due to coagulation while adding the latex to the 
CNCs dispersion. Particle size of the blend was measured by DLS. The particle size increased 
from 510 nm (pure polymer particle) to 1.5 μm in the blend (see Table 7-2) showing that some 
limited aggregation of the hybrid particles occurred. Figure 7-1 presents the particle 
morphology of LLC-20%CNC. These images confirm the adsorption of the CNCs onto the 
particles surface and the limited aggregation. However, these images show that a large fraction 
of CNCs was free in the system showing the limitation of this process. 
 
Table 7-3: Evolution of zeta potential while adding LLC to the CNC dispersion 










Figure 7-1: TEM images of the particle morphology of LLC-20%CNC  
 
When using the latex LSC, the dispersion of CNCs was added dropwise to the latex 
LSC as the small latex particles adsorb onto the CNCs. If the blend is prepared by adding the 
polymer dispersion on the CNCs, flocculation occurs for a similar reason than in LLC.10 In this 
case, the zeta potential decreased gradually during the addition of the CNC dispersion (Table 
7-4) until eventually a negative potential was observed, suggesting an excess of CNCs. 
Particle size measurement of the blend showed that some aggregation of the hybrid particles 
occurred for these hybrid particles due to the interaction between cationically stabilized 
aggregates and the excess CNCs (Table 7-4).  
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Table 7-4: Evolution of zeta potential while adding the CNC dispersion to LSC 
% CNC (wbp) Zeta potential (mV) Particle size (nm) 
0 31.4 31.4 
5 19.3 415 
10 15.3 1600 
15 11.4 4100 
20 -17.5 7300 
 
For the blend of anionic stabilized particles with CNCs, LA-20%CNC, the particle size of 
the polymer particles remained the same in the blend (Table 7-2). It has to be pointed out that 
the hydrodynamic volume of the pure CNCs measured by DLS was around 110 nm meaning 
that the addition of the CNCs should not affect the measurement of the particle size of the 
blend if the CNCs do not form any structure. The DLS measurements showed that there was 
no aggregation of the nanocrystals with the polymer particles due to the repulsive interactions 






7.3.2 Film morphology and properties 
Figure 7-2 presents the AFM height images of the morphology of a film cast from the 
blend LA-20%CNC at 23 ºC and 55% relative humidity. Also, a schematic representation of the 
cross-section of the film is included for better understanding. Some CNCs are present at the 
air-film interface and the film-substrate interface, as indicated by arrows. In the cross-section, 
large aggregates were visible; they were formed by depletion induced flocculation of the 
polymer particles by the CNCs, thus leading to phase separation. The action of CNCs as 
flocculating agents has previously been observed in mixtures of CNCs and certain species of 
bacteria.11,12 These aggregates were not visible in the dispersed state because of the low 
solids content (13.3 wt%) but as the water evaporated during film formation, the depletion 
interactions become stronger, leading to phase separation. 
Figure 7-3 presents the AFM height images of the air-film and film-substrate interfaces 
as well as that of the cross-sections of the film cast form the blend LLC-20%CNC at 23 ºC and 
55% relative humidity. Also, a schematic representation of the cross-section of the film is 
included for better understanding. CNCs are present at both the air-film interface and film-
substrate interface. These images, compared with the ones of LA-20%CNC, confirm that the 
CNCs were covering the particles as a result of the electrostatic interactions between the 
nanocrystals and the latex particles. In the cross-section, the boundaries of the particles were 
visible with the cellulose nanocrystals surrounding them, leading to a honeycomb structure of 
CNCs. In addition to the honeycomb like structure, aggregates of CNCs were present in the 
film. The black defects on the cross-section image (shown with the arrows) corresponded to 
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CNCs aggregates removed from the film with the knife during sample preparation. It has to be 
pointed out that the aggregates formed are small compared to the large fraction of free CNCs 






Figure 7-2: AFM height images of the a) air-film interface, b) substrate-film interface, c) cross-
section and d) schematic representation of a film cast from the blend LA-20%CNC at 23 ºC and 









Figure 7-3: AFM height images of the a) air-film interface, b) substrate-film interface, c) cross-
section and d) schematic representation of the cross-section of a film cast from the blend LLC-
20%CNC at 23 ºC and 55% relative humidity 
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Figure 7-4 presents the AFM height images of the air-film and film-substrate interfaces 
as well as that of the cross-sections of the film cast from the blend LSC-20%CNC at 23 ºC and 
55% relative humidity. A schematic representation of the cross-section of the film is included 
for better understanding. Films were immersed in water for 5 minutes before analysis to 
remove the excess of surfactant on the surface of the film. The film morphology was in 
agreement with the particle morphology. As the small cationically charged polymer particles 
adsorb on the CNCs surface, the CNCs were encapsulated by the polymer after film formation. 
This led to a homogenous dispersion of the CNCs in the polymer matrix as single crystals (whit 
dots on Figure 7-4 c). Although the CNCs looked aligned on the cross-section view, this is 
likely due to an artifact of the measurement due to tip displacement in the horizontal direction 
on the relatively soft polymer. At the interfaces of the film, CNCs were not visible as they were 










Figure 7-4: AFM height images of the a) air-film interface, b) substrate-film interface, c) cross-
section and d) schematic representation of a film cast from the blend LSC-20%CNC at 23 ºC 
and 55% relative humidity 
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Figure 7-5 and Table 7-5 show the mechanical properties of films cast from the latexes 
and their corresponding blends at 23 ºC and 55% relative humidity. Comparing first the latexes 
alone without the addition of CNCs, LSC presented the longest elongation at break and 
smallest toughness of the three polymers. LA presented the highest toughness. This was due 
to the difference in molecular weights of the polymers (Table 7-2). Indeed, LSC showed the 
lowest molecular weight and LA the highest. The addition of the cellulose nanocrystals 
increased the Young’s modulus in all blends, decreasing at the same time the elongation at 
break and the toughness of the films. This was due to the properties of the cellulose 
nanocrystals (high Young’s modulus) and the high amount of nanocrystals added (20 wbp %) 
which increase hardness but decrease flexibility.  
It is important to note that the extent to which the addition of CNCs affected the 
mechanical properties was very different depending on the particle morphology of the blends. 
In the case of LLC-20%CNC, Young’s modulus increased by approximately 10 times and the 
yield stress of the material was considerably higher. For LA-20% CNC although the Young’s 
modulus increased, the film had very low flexibility and ultimate tensile stress was considerably 
lower than for the latex alone. Similarly, for LSC-20%CNC the flexibility decreased strongly 
without any real increase in the yield stress of the material. These features can be related to 
the structure of the films. In the case of LSC-20%CNC the CNC particles were encapsulated 
and thus in the film there was no interaction between the individual CNC particles (Figure 7-4c 
and d). As a result, the CNCs acted as fillers (increase of strength and modulus but decrease 
of toughness and flexibility).13,14 In the case of LA-20%CNC, the presence of aggregates of 




film formation. Only in the case of LLC-20%CNC, where the CNCs were forming a honeycomb 
structure (Figure 7-2 d), the strength of the CNCs efficiently translated into strength of the 
nanocomposite.15,16 
The hybrid particles obtained in Chapter 6 did not form a film at 23 ºC because they 
were hard. There were two main differences with respect the particles in this chapter. The first 
one was that in Chapter 6, batch emulsion polymerization was used compared to semi-batch 
polymerization here. Due to the difference in reactivity ratio between MMA and BA, a broader 
polymer composition distribution was obtained in batch emulsion polymerization leading to the 
formation of some MMA-rich hard polymer. The second difference is related to the link between 
the CNC and the polymer particles. In Chapter 6, the CNC was used as a Pickering agent to 
stabilize the particles and therefore it was strongly attached to the surface of the particles 
forming a hard shell that hindered film formation. However, in the case of LLC, the CNC were 
more loosely attached to the polymer particles or even not attached at all. This made the 
surface of the particles much more flexible and there were able to deform and form film. In 
conclusion, the heterocoagulation process presents some advantages compared to the method 
developed in Chapter 6, although surfactant is used.  
 




Figure 7-5: Stress-strain curves of films cast from the blank latexes and the blends at 23 ºC 
and 55% relative humidity 
Table 7-5: Tensile tests results of films cast from the blank latexes and the blends at 23 ºC and 













LLC 48 ± 6 1.90 ± 0.34 5.17 ± 0.79 7.5 ± 0.78 17.5 ± 3.6 
LLC – 20% CNC  407 ± 33 5.24 ± 0.88 0.91 ± 15 7.2 ± 1.3 5.8 ± 0.5 
LSC 7 ± 4 0.72 ± 0.17 8.06 ± 1.5 1.85 ± 0.34 9.27 ± 1.67 
LSC – 20% CNC 47 ± 15 1.11 ± 0.1 1.78 ± 0.86 0.94 ± 0.09 2.06 ± 0.53 
LA 37 ± 5 2.3 ± 0.65 3.81 ± 0.43 8.6 ± 1.2 20 ± 2.8 





In order to confirm the effect of particle morphology on the mechanical properties, the 
effect of the CNC content with the latexes LSC and LA was studied. This could not be 
performed with LLC because the blend coagulated with loadings of CNCs lower than 20 wbp 
%. The results are given in Figure 7-6 and Table 7-6 for LSC and in Figure 7-7 and Table 7-7 
for LA. It can be seen that the films became stiffer with the increase in the concentration of 
CNCs. For LSC, the elongation at break remained constant from 2.5 to 10 wbp% CNCs and 
decreased by 2.5 times at 20 wbp% of CNCs. As the CNCs were encapsulated by the polymer 
they did not show connectivity between them in the final film which, as previously discussed, 
led to a limited reinforcement of the film. Above 10%, the presence of free CNCs, as shown by 
the negative zeta potential (see Table 7-4), results in aggregated domains of CNCs with poor 
cohesive strength and leads to a significant decrease in the flexibility of the film. In the case of 
anionically charged particles (LA), with 2.5% of CNC, the Young’s modulus increased 
maintaining the elongation at break due to the homogeneous distribution of the CNCs through 
the film (Figure 7-7). Above this concentration of cellulose nanocrystals, the film hardened as 
the Young’s modulus and stress at break increased, while the toughness and elongation at 
break decreased. As the concentration of CNCs increased, the aggregates formed due to the 
repulsive forces between the CNCs and the polymer particles (Figure 7-2 d) which increased 
the stiffness of the film. For both systems, a similar increase of Young’s modulus was obtained 
with the increase of the amount of cellulose nanocrystals in the blends. These results are in 
line with the theories of mechanical properties of the incorporation of fillers in composite 
materials such as that proposed by Halpin-Ksaï (see equation 7-1).13,14,17,18 























whereEC, Em and Ef  are the Young’s moduli of the composite, the matrix and the filler, 
respectively,∅𝑓 to the volume fraction of filler, A is a constant that reflects the geometry of the 
filler (the length, L, and the width, w, of the CNCs), B is a constant that takes into account the 
relative moduli of the continuous and dispersed phases.  
The theoretical Young’s moduli of the blends were calculated using. 𝐸𝑓 =2.1 GPa19, L= 
134 nm and w = 8 nm20 and compared to the experimental values (Figure 7-8). For LSC, the 
experimental data followed the theory as the nanocrystals were well-dispersed in the polymer 
matrix thanks to the particle morphology. When using the latex LA, the experimental data tent 





Figure 7-6: Stress-strain curves for films cast from the blends of the small cationically charged 
particles latex with cellulose nanocrystals at different concentrations at 23 ºC and 55% relative 
humidity 
 
Table 7-6: Tensile tests results of films cast from the blends of the small cationically charged 








n at break  
Stress at 
break (MPa)  
Toughness 
(MPa)  
LSC 7 ± 4 0.72 ± 0.17 8.06 ± 1.5 1.85 ± 0.34 9.27 ± 1.67 
LSC – 2.5% CNC 13 ± 6 0.73 ± 0.27 4.2 ± 2.2 1.77 ± 0.52 4.83 ± 3.12 
LSC - 5% CNC 21 ± 2 1.22 ± 0.18 4.79 ± 0.88 2.13 ± 0.46 7.53 ± 1.86 
LSC - 10% CNC 29 ± 4 1.32 ± 0.26 4.53 ± 0.95 2.53 ± 0.37 5.04 ± 1.39 
LSC - 20% CNC 47 ± 15 1.78 ± 0.86 1.78 ± 0.86 0.94 ± 0.09 2.06 ± 0.53 




Figure 7-7: Stress-strain curves for blends from the anionically stabilized particles latex and 
cellulose nanocrystals at different concentrations 
 
Table 7-7: Tensile tests results of the blends from the anionically stabilized particles latex and 
cellulose nanocrystals at different concentration 
 Young's 




at break  
Stress at 
break (MPa)  
Toughness 
(MPa)  
LA  37 ± 5 2.3 ± 0.65 3.81 ± 0.43 8.6 ± 1.2 20 ± 2.8 
LA - 2.5% CNC  48 ± 8 2.93 ± 0.43 3.8 ± 0.65 9.3 ± 2.9 22 ± 2.5 
LA - 5% CNC  64 ± 9 3.69 ± 0.69 2.9 ± 0.32 8.3 ± 0.88 16.7 ± 3 
LA - 10% CNC  89 ± 11 4.44 ± 0.55 1.5 ± 0.14 6.58 ± 0.79 7.9 ± 1.4 





Figure 7-8: Evolution of the Young’s modulus with the loading of CNCs, comparison between 
the experimental lines (scatter) and predicted data form the Halpin-Tsaï model for LSC (black, 
) and LA (red, ▲) 
 
7.4 Conclusions 
Hybrid particles obtained by heterocoagulation of P(MMA-co-BA) latexes with cellulose 
nanocrystals were studied. Two distinct hybrid particle morphologies were obtained using 
cationically polymer particles of different sizes. Cellulose nanocrystals adsorbed on polymer 
particles when their diameter was larger than the CNCs length. However, due to strong 
interactions between the CNCs and the cationically charged particles, a limiting amount of 
CNCs was adsorbed and a large fraction of CNCs remained free in the system. The film 
morphology of a film cast from this latex showed a honeycomb structure with some aggregates 
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of CNCs. When small polymer particles were used, they adsorbed on the CNCs leading to 
encapsulation of the CNCs. This led to the homogeneous distribution of single crystals into the 
polymer matrix after film casting. For comparison, an anionically charged particles latex was 
blended with the CNCs. Due to repulsive forces between the two components, the CNCs 
aggregated during film formation. The addition of the CNCs reinforced the films in all the cases 
due to their inherent mechanical strength. The film presenting a honeycomb structure gave the 
composite with the highest strength, thanks to the formation of a co-continuous structure. 
These results highlight the importance of initial particle morphology on the strength of 
nanocomposite materials. As film morphology is directly influenced by particle morphology it is 
essential to design nanocomposite materials in which upon film formation, the hard phase are 
in at least partial contact in order to maximize the strength of the film. However, flexibility of the 
final particles should be preserved to obtain films with a high toughness. 
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Chapter 8. Conclusions 
 
The main goal of this PhD thesis was to establish a link between particle morphology 
and film morphology in hybrid particles latexes. As film morphology affects films properties, this 
understanding would ultimately allow for control of the film properties through the 
polymerization process. This is a particularly important issue in the development of VOC free 
latexes designed to achieve good mechanical strength whilst having low minimum film 
formation temperature. Typically this can be achieved by the use of two polymers, a low Tg 
polymer for film formation and a high Tg polymer for stiffness, either obtained by blends of 
particles of different composition or by the use of heterogeneous particles. Hybrid particles are 
favored as they show great potential to overcome the drawbacks rising from the use of blends. 
Indeed, without careful selection of the polymers particles characteristics, phase separation 
can occur during film formation of latexes blend. 
The strategy used to understand this problem was to study the film morphology and 
properties of a variety of polymer-polymer hybrid particles latexes. For each polymer-polymer 
system studied, different morphologies with near identical compositions and polymer 
microstructure (molecular weights, particle size, gel content, Tgs) were prepared. The different 





techniques involve the polymerization of monomers by (mini)emulsion polymerization (Figure 
8-1a). In this case, the morphology was controlled by varying the interfacial tension between 
the two polymers, and that of the polymers and the water through slight changes in the polymer 
compositions. In addition, core-shell particles were obtained through physical interactions of 
cellulose nanocrystals (CNCs) with the polymer in batch emulsion polymerization. This 
morphology was compared with particles formed by heterocoagulation of CNCs with a charged 
acrylic latex. This physical technique allowed us to obtain different particle morphologies with 
identical polymer composition by varying the size and the stabilization charges of the polymer 






Figure 8-1: Strategies for synthesis of hybrid particles a) by chemical process and b) 







We demonstrated by TEM and atomic force microscopy (AFM) imaging, that film 
morphology is directly influenced by the particle morphology. Thus, for hybrid particles with a 
hard seed polymer and a soft second stage polymer, the continuous phase of the film is formed 
of the soft polymer. Core-shell morphologies led to a honeycomb structure with a MFFT close 
to the Tg of the soft polymer (Figure 8-2a). Hemispherical morphologies led to the formation of 
small aggregates of hard polymers in the soft matrix during film formation which increases the 
MFFT of the film (Figure 8-2b). It was been demonstrated in Chapter 3 that particles containing 
a hard polymer on the outer part of the particles allowed film formation close to room 
temperature. Thanks to high driving forces for deformation of the soft polymer, particles could 
deform and hard segments were dispersed in the soft continuous phase (Figure 8-2c). In this 
case, the MFFT increased with the Tg of the hard polymer and its proportion in the hybrid 
particle. For CNC armored latex particles, as the hard polymer was at the outside of the 
particles, a honeycomb structure was also obtained (Figure 8-2d). In the contrary when small 
cationically charged polymer particles were adsorbed on the CNCs surface, the CNCs were 






a) b) c) d) 
    
    
Figure 8-2: Effect of particle morphology on film structure extracted for a) and b) Chapter 2, c) 
Chapter 3 and d) Chapter 7 
 
Tensile tests were performed for all the systems studied to determine the effect of film 
morphology on properties. The composition of the polymer phases has an important effect of 
the film properties. The honeycomb-like structure displayed by films cast from soft core-hard 
shell particles enhances the film stiffness as the continuous phase is formed of the hard 
polymer. When the continuous phase is soft (coming from soft-second stage polymer in core-
shell particles, or multi hard lobes particles), the hard polymer is dispersed the soft continuous 
phase (spherical or segments hard domains), the film is reinforced compared to a pure soft 





Indeed, the formation of small aggregates of hard polymers increases the film stiffness (Figure 
8-3). The heterocoagulation process gave the possibility to obtain hybrid particles from polymer 
and cellulose nanocrystals with different morphologies. Moreover, as the polymer can be 
synthesized by semi-batch polymerization in this process, the final film had higher flexibility and 
toughness than the hybrid formed by batch emulsion polymerization. For the CNC armored 
particles synthesized in situ, blending the obtained particles with a latex devoid of CNCs 
decreased the final loading CNCs, and films with high toughness were obtained. The ratio 
between the two polymers also affected the film properties. In Chapter 3, we demonstrated that 
a minimum loading of 20 wt% of hard phase is needed to have a significant improvement of the 
films toughness. If the hard polymer presented remarkable strength such as cellulose 







Figure 8-3: Effect of film structure on the film properties 
We demonstrated by thermal treatment of the films that the film morphology strongly 
affects the properties of the film. This technique allowed us to compare different film 
morphologies with the same composition. Thermal treatment above the Tg of the hard phase 
encourage phase migration and the polymers segregate. The segregation leads to lower 
transparency and increase the stiffness of the film. However, phase migration could lead to the 
formation of a co-continuous structure if the compatibility of the polymers was high. In this 
case, the toughness of the film was enhanced compared to hard segments dispersed in the 






Figure 8-4: Effect of thermal treatment on film morphology and properties 
 
Furthermore, we showed that, in addition to the particle morphology, two important 
parameters have to be taken in account for film formation: the drying conditions and the 
compatibility between the phases. As explained before, annealing of the films above the Tgs 
lead to different film morphologies and properties. If the phases show low compatibility they 
segregate during film formation. In Chapter 4, we demonstrated that the curing process of the 
alkyd resin in acrylic / alkyd hybrid particles had a large effect on the final film morphology. In 





inhomogeneous through the film which led to extensive phase migration and the development 
of large, aggregated domains of the two polymer phases. Secondly, due to the partial 
miscibility of the uncured alkyd resin with the acrylic phase, as curing progresses phase 
separation was increasingly favored with high crosslinking leading to a strongly segregated 



































Figure 8-5:  Evolution of film morphology in acrylic / alkyd hybrid particle latex film with 1 wt% 
of Mn based catalyst with curing of alkyd resin 
 
In order to confirm the advantages of hybrid particles to the use of blends, we compared 
hybrid particles latexes with a blend of two latexes of same overall compositions in Chapters 2 





films structure. However, depending on the composition and the size of the particles, and the 
ratio, different film morphologies and properties were obtained. In general, films from the 
latexes blends resulted in lower transparency and lower properties (high stiffness or flexibility 
depending on the composition) compared to the hybrid particles films dried in the same 
conditions (Figure 8-6). 
 
Figure 8-6: Comparison of film morphology and properties of a hybrid latex (red) and a 
blend of two latexes (blue) 
 
The ultimate goal of this project is to use hybrid particles latexes as binder in coatings 
applications. It was observed that the morphologies of the paint films from acrylic / alkyd hybrid 
particles latexes were in agreement with the latexes films. Moreover, the trends shown in the 





observation because it shows the knowledge generated within this thesis can be translated to 
commercial systems that use hybrid particles latexes as binders in coating formulations. 
 
Overall, it can be concluded that the final properties of polymer films and coatings can 
be tailored in the reactor by carefully designed synthesis of hybrid latex particles and post-
synthesis through thermal treatment of the dry polymer films. As mentioned above, the 
mechanical strength of the film depends on the internal film structure and to be able to control it 
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Resumen y conclusiones 
 
Uno de los mayores retos a los que se enfrenta la sociedad moderna es la reducción 
del cambio climático y el desarrollo de materiales sostenibles. Teniendo esto en cuenta, la 
producción de recubrimientos protectores y decorativos, que tradicionalmente estaba 
dominada por productos a base de disolventes, se está desplazando gradualmente hacia el 
uso de dispersiones en base acuosa. Tales recubrimientos implican la formación de un film 
que tiene necesita satisfacer varios requisitos aparentemente contradictorios con respecto a 
las propiedades mecánicas. Un ejemplo común es la necesidad de que los recubrimientos 
para exteriores sean capaces de formar un film a temperaturas relativamente bajas mientras 
que sean duros a la misma temperatura. Los recubrimientos a base de disolventes cumplen 
fácilmente estos requisitos. Igualar su rendimiento con recubrimientos en base acuosa no es 
sencillo y, a menudo, se deben agregar aditivos potencialmente tóxicos, como los agentes 
coalescentes, a la formulación. Los esfuerzos ahora se dedican a sintetizar látex que 
presentan buenas propiedades agregando un mínimo de aditivos. Una forma de hacerlo es 
mediante el uso de una combinación de dos látex con diferentes Tg. Un látex con una Tg baja 
para formar un film a baja temperatura y el otro con una Tg más alta para proveer dureza al 
film. Sin embargo, la mezcla produce films no homogéneos y sus propiedades se ven 
afectadas. Se puede obtener una distribución más uniforme de las dos fases en el film 
utilizando partículas poliméricas heterogéneas (también llamadas partículas híbridas). En este 




propiedades positivas de sus constituyentes. Aunque tales polímeros son típicamente 
incompatibles, su separación de fases durante la formación del film puede controlarse 
mediante reacciones de injerto. 
 
La estrategia utilizada para comprender este problema fue estudiar la morfología del 
film y las propiedades de una variedad de látex de partículas híbridas polímero-polímero. Para 
cada sistema de polímero-polímero estudiado, se prepararon diferentes morfologías con 
composiciones y microestructura de polímero casi idénticas (pesos moleculares, tamaño de 
partícula, contenido de gel, Tgs). Las diferentes morfologías se consiguieron utilizando 
técnicas tanto químicas como físicas. Las técnicas químicas implican la polimerización de 
monómeros mediante polimerización en (mini)emulsión. En este caso, la morfología se 
controló variando la tensión interfacial entre los dos polímeros, y la de los polímeros y el agua 
a través de ligeros cambios en las composiciones de polímeros. Además, las partículas 
núcleo-corteza se obtuvieron a través de interacciones físicas de nano cristales de celulosa 
(CNC) con el polímero en la polimerización discontinua en emulsión. Esta morfología se 
comparó con partículas formadas por la heterocoagulación de los CNC con un látex acrílico 
cargado. Esta técnica física nos permitió obtener diferentes morfologías de partículas con una 
composición de polímeros idéntica variando el tamaño y las cargas de estabilización de las 
partículas de polímeros. 
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Demostramos mediante imágenes de TEM y microscopía de fuerza atómica (AFM), que 
la morfología del film está directamente influenciada por la morfología de las partículas. De 
este modo, para partículas híbridas con un polímero con un núcleo duro y un polímero de 
segunda etapa blando, la fase continua del film se forma gracias al polímero blando. Las 
morfologías del núcleo y la envoltura llevaron a una estructura de panal con una MFFT cerca 
de la Tg del polímero blando. Las morfologías hemisféricas condujeron a la formación de 
pequeños agregados de polímeros duros en la matriz blanda durante la formación del film, lo 
que aumenta la MFFT del film. Se demostró que las partículas que contienen un polímero duro 
en la parte exterior de las partículas permitieron la formación del film cerca de la temperatura 
ambiente. Gracias a las altas fuerzas motrices de deformación del polímero blando, las 
partículas podían deformarse y los segmentos duros se dispersaron en la fase continua 
blanda. En este caso, la MFFT aumentó con la Tg del polímero duro y su proporción en la 
partícula híbrida. Para las partículas de látex con CNC, como el polímero duro estaba en el 
exterior de las partículas, también se obtuvo una estructura de panal de abeja (Figura 8-2d). 
Por el contrario, cuando se adsorbieron pequeñas partículas de polímero con carga catiónica 
en la superficie de los CNC, los CNC se dispersaron como cristales simples en la matriz del 
polímero. 
 
Se realizaron pruebas de tracción para todos los sistemas estudiados para determinar 
el efecto de la morfología del film en las propiedades. La composición de las fases del 
polímero tiene un efecto importante de las propiedades del film. La estructura similar a panal 




blando mejora la rigidez del film a medida que la fase continua se forma del polímero duro. 
Cuando la fase continua es blanda (proveniente del polímero de segunda etapa blanda en 
partículas núcleo-corteza, o partículas de multiples lóbulos duros), el polímero duro se 
dispersa en la fase continua blanda (dominios duros esféricos o segmentos), el film se 
refuerza en comparación con un film puro de fase blanda. Las morfologías hemisféricas 
condujeron a una mayor rigidez del film que las de corteza dura y de núcleo duro. De hecho, la 
formación de pequeños agregados de polímeros duros aumenta la rigidez del film. El proceso 
de heterocoagulación ofreció la posibilidad de obtener partículas híbridas de nanocristales de 
polímero y celulosa con diferentes morfologías. Además, como el polímero se puede sintetizar 
mediante polimerización en semicontinuo. En este proceso, el film final tuvo mayor flexibilidad 
y tenacidad que el híbrido formado por polimerización en emulsión discontinua. Para las 
partículas con CNC sintetizadas in situ, la mezcla de los films obtenidas con un látex sin CNC 
disminuyó la carga final de los CNC, y se obtuvieron films con alta tenacidad. La proporción 
entre los dos polímeros también afectó las propiedades del film. Demostramos que se necesita 
una carga mínima de 20% en peso de la fase dura para tener una mejora significativa de la 
resistencia del film. Si el polímero duro presenta una resistencia notable, como los 
nanocristales de celulosa, se requiere una carga más baja para obtener un film de polímero 
híbrido reforzado. 
 
Demostramos mediante tratamiento térmico de los films que la morfología del film 
afecta fuertemente sus propiedades. Esta técnica nos permitió comparar diferentes 
morfologías de film con la misma composición. El tratamiento térmico superior a la Tg de la 
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fase dura favorece la migración de las fases y los polímeros se segregan. La segregación 
conduce a una menor transparencia y aumenta la rigidez del film. Sin embargo, la migración 
de fases podría llevar a la formación de una estructura co-continua si la compatibilidad de los 
polímeros fuera alta. En este caso, la resistencia del film se mejoró en comparación con los 
segmentos duros dispersos en la matriz blanda. 
 
Demostramos que, además de la morfología de las partículas, se deben tener en 
cuenta dos parámetros importantes para la formación del film: las condiciones de secado y la 
compatibilidad entre las fases. Como se explicó anteriormente, el recocido de los films por 
encima de las Tgs conduce a diferentes morfologías y propiedades de los films. Si las fases 
muestran baja compatibilidad, se segregan durante la formación del film. Demostramos que el 
proceso de curado de la resina alquídica en partículas híbridas acrílicas / alquídicas tuvo un 
gran efecto en la morfología del film final. En este sistema, hay que tener en cuenta dos 
parámetros. Primero, el curado fue lento e inhomogéneo a través del film, lo que condujo a 
una extensa migración de fases y al desarrollo de grandes dominios agregados de las dos 
fases del polímero. En segundo lugar, debido a la miscibilidad parcial de la resina alquídica no 
curada con la fase acrílica, a medida que el curado progresaba, la separación de fases se 
favoreció cada vez más con una alta reticulación que llevó a una estructura fuertemente 





Con el fin de confirmar las ventajas de las partículas híbridas al uso de mezclas, 
comparamos látex de partículas híbridas con una mezcla de dos látex de las mismas 
composiciones generales. Confirmamos con dos ejemplos que las partículas híbridas 
conducen a una estructura de films más homogénea. Sin embargo, dependiendo de la 
composición y el tamaño de las partículas, y la proporción, se obtuvieron diferentes 
morfologías y propiedades del film. En general, los films de las mezclas de látex resultaron en 
una menor transparencia y menores propiedades (alta rigidez o flexibilidad según la 
composición) en comparación con los films de partículas híbridas secadas en las mismas 
condiciones. 
 
El objetivo final de este proyecto era utilizar partículas de látex híbrido como aglutinante 
en aplicaciones de recubrimientos. Se observó que las morfologías de los films de pintura a 
partir de látex de partículas híbridas acrílicas / alquídicas estaban de acuerdo con los films de 
látex. Además, las tendencias mostradas en las propiedades de las pinturas formuladas fueron 
similares a las de los films de látex. Esta es una observación importante porque muestra que 
el conocimiento generado dentro de esta tesis puede traducirse a sistemas comerciales que 
utilizan partículas de látex híbrido como aglutinante en formulaciones de recubrimiento. 
 
En conclusión, se puede concluir que las propiedades finales de los films y 
recubrimientos de polímeros se pueden adaptar en el reactor mediante síntesis 
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cuidadosamente diseñada de partículas de látex híbrido y post-síntesis a través del 
tratamiento térmico de los films de polímero seco. Como se mencionó anteriormente, la 
resistencia mecánica del film depende de su estructura interna y para poder controlarla se 





Appendix I. Characterization methods 
 
I.1 Solids content and monomer conversion 
Approximately 1mL of latex was withdrawn from the final latex, put in a pre-weight 
aluminium pan and immediately thereafter 0.1 mL of a 1% hydroquinone solution was added. 
The pan was dried in the oven at 60ºC until constant weight was achieved. The conversion was 
obtained gravimetrically and is given by: 















Residual monomers were measured by Gas Chromatography using Hewlett Packard 





I.2 Coagulum amount 
The amount of coagulum was measured by filtering the latex through a 85 μm nylon 
mesh and drying the retained amount. The results are presented as the weight of the coagulum 
with respect to the total weight of solids in the formulation. 
 
I.3 Particle size and particle size distribution (PDS) 
I.3.1. Dynamic Light Scattering (DLS) 
Particle size was measured by Dynamic Light Scattering (DLS) using a Malvern 
Zetasizer Nano ZS. The equipment determines the particle size by measuring the rate of 
fluctuations in light intensity scattered by particles as they diffuse trough a fluid. Samples were 
prepared by diluting a fraction of the latex with deionized water. The analyses were carried out 
at 25ºC and each run consist in 1 minute of temperature equilibration followed by 3 size 





I.3.2. Capillary hydrodynamic fractionation chromatography (CHDF) 
To determine the particle size distribution of the latexes (PSD) Capillary Hydrodynamic 
Fractionation chromatography technique was used (CHDF-2000 from Matec Applied Science). 
It was operating at a flow rate of 1.4 mL/min and at 35ºC. The detector wavelength was 200 nm 
and the carrier fluid was 1X-GR500. The samples were diluted to 0.5 wt% using the carrier fluid 
and they were analyzed using Matec software v.2.3. 
 
I.4 Differential scanning calorimetry 
Glass transition temperatures (Tg) were measured by differential scanning calorimetry 
(DSC), (DSC Q2000, TA instruments) in modulated mode for Chapter 2 and 3 at a heating rate 
of 3 ºC/min with an amplitude of ± 2 ºC and a period of 60s. Samples were heated to the 
reaction temperature (70 ºC) for 1 min then cooled under the Tgs of the phases (namely -30ºC) 
ant two thermal scans were performed until 150ºC. For these measurements, the latexes were 
freeze-dried in order to dry them under the Tgs of both copolymers. In Chapter 6, 
Measurements were carried out in temperature range from -70 to 150 °C at a heating rate of 10 






I.5 Gel content 
The gel content by definition is the fraction of polymer which is not soluble in common 
solvent such a tetrahydrofuran (THF). The gel fraction was determined by Soxhlet extraction. 
To measure the gel content glass fiber square pads (CEM) were used as backing. A few drops 
of latex were placed on the filter (filter weight, W1) and dried overnight at room temperature. 
The filter together with the dried polymer was weighed (W2) and a continuous extraction with 
THF under reflux in the Soxhlet for 24 hours was done afterwards (see Figure I-1). After this 
period of time, the wet filter was dried overnight and weighted (W3). Gel content was calculated 
as the ratio between the weight of the insoluble polymer fraction and that of the initial sample 
as Equation (I.2) shows 
Gel content (%) = 
𝑊3−𝑊1
𝑊2−𝑊1






Figure I-1: Scheme of Soxhlet extraction method for gel content measurements 
 
I.6 Molecular weight 
The molecular weights of the soluble fraction of the polymers were determined by gel 
permeation chromatography (GPC). The soluble part of the polymers form the Soxhlet 
extraction was dried and redissolved in GPC grade THF at a concentration of roughly 1 mg/ml. 
Then it was filtered (polyamide Φ= 45 µm) before being injected into the GPC via an 
autosampler (Water 717). A pump (LC-20A, Shimadzu) controlled a THF flow of 1mL/min. The 
GPC was composed of a differential refractometer (Waters 2410) and three columns in series 




performed at 35 ºC. Molecular weights were determined using a calibration curve based on 
polystyrene standards. 
 
I.7 Mass fraction of alkyd grafted on the acrylic polymer 
The mass fraction of alkyd grafted to the acrylic polymer (resin degree of grafting: RDG) 
in the sol fraction were determined by Size Exclusion Chromatography (SEC). The SEC 
measurements were carried out with a LC-20AD Shimadzu pump fitted with a set of three 
fractionation columns (Waters Styragel HQ2, HQ4, HQ6) and two on-line detectors, a 
differential refractometer (DR) and a UV sensor (Waters) at 263 nm of wavelength. The RDG 
determination method was based on the fact that the acrylic polymer was not detected by the 
UV sensor at the wavelength of 263 nm. Therefore, the area of the UV-chromatogram of an 
acrylic/alkyd hybrid material was proportional to the resin concentration in the sol fraction of the 
sample. Figure I-2 presents the UV signal of an acrylic/alkyd hybrid material (continuous line) 
and that of the neat alkyd resin (dash line). The areas of the two chromatograms were 
normalized so that they represented the same total area, that is, the same alkyd concentration. 
The signal appearing at low elution time (V) (so high molecular weight) corresponded to the 
resin bounded to acrylic chains. Three areas can be distinguished in this Figure. Surface B 
represents the amount of alkyd grafted to high molecular weight acrylic polymer. This is a 
minimum value because some graft copolymer may remain in the white area. Surface A is 
another measurement of the amount of free alkyd resin that has been incorporated into the 




presence of some graft copolymer in the white region. Therefore, RDG estimated as A/Aresin or 
B/Aresin where Aresin is the area of the UV trace of the original resin (area below the dashed line 
in Figure I-2) is underestimated1. 





























 Alkyd resin 
 Hybrid sample
 
Figure I-2: UV chromatogram at 263 nm of a hybrid sample and of the alkyd resin S293 
 
I.8 Double bonds content of alkyd resin 
The double bond content of the alkyd resin in the latex particles was measured by 
comparison of the iodine value (IV) of the sample. Indeed, this characteristic is proportional to 
the content of double bonds. This technique consists in making react the unsatured double 




iodide. The formed diiodine is titrated by a sodium thiosulfate solution2. The reactions occurring 
during the measurement are the following:  
RCH=CHR’ + ICl RCHI-CHClR’+ ICl(remaining) (I.3) 
ICl(remaining) + KI  I2 + KCl (I.4) 
I2 + 2 Na2S2O3  Na2S4O6 + 2 NaI (I.5) 
 
The iodine value is calculated with the following formula: 
IV= 
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐼𝑜𝑑𝑖𝑛𝑒 ×𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑁𝑎2S2O3consumed ×Normality of 𝑁𝑎2S2O6 ×100 ×10
−3
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑢𝑠𝑒 𝑓𝑜𝑟 𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠
 (I.6) 
with the volume of Na2S2O3 is the difference between the volume obtained for a blank 
measurement and the effective measurement. 
 
I.9 Microscopic techniques 
Particle and film morphologies were determined by transmission electron microscopy 
(TEM) using a Jeol TM-1400 Plus series 120kV electron microscope. The latexes were diluted 
with deionized water (0.05 wt%) placed on copper grids covered with Formvar R and dried at 




cryosectioned with a Leica EMUC6 cryoultramicrotome at -25ºC with a Diatome 45° diamond 
knife, and the observations were made in the microscope described above. 
Atomic Force Microscopy (AFM) pictures were obtained using an atomic force 
microscope Bruker Nanoscope V Dimension Icon in PeakForce tapping mode with a silicon 
nitride cantilever equipped with a rotated super sharp silicon tip. The nominal resonant 
frequency of the cantilever was 55 kHz and the spring constant was 0.25 N/m.  
 
I.10 Minimum Film Formation Temperature (MFFT) 
The measurement of MFFT was carried out on a steel bar having a temperature 
gradient along it, with sensors that measure the temperature at different equidistant points. The 
temperature at the point of the bar at which the film became optically clear and also presented 
a clear cut made with a knife was defined as the MFFT. 
 
I.11 Mechanical properties: tensile tests 
Tensile stress-strain measurements were carried out from latex and paints films with a 
tensile testing machine (Stable Micro Systems Ltd., Godalming, UK) with a constant velocity of 
5 mm/s, corresponding to an initial strain rate of ca. 0.33 s-1. The results reported were the 
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Appendix II. Supporting information for 
Chapter 4 
 
II-1. AFM images 
Figures S1 – S3 show a non-continuous topography, resembling a phase separated 
system. The darker areas have a mean depth in the range of 20 – 30 nm. At the bottom of 
these valleys we did not observe any structuring, i.e., the bottoms are flat. The brighter areas of 
the AFM image have a mean height of about 10 – 20 nm and have a diameter close to the 
particle size. The topography images serve as a first indication that the hybrid latex films 
consists of different phases.  
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Close the air-film interface Middle of the film Close the film-substrate 
interface 
a) b) c) 
   
d) e) f) 
   
Figure II-1: AFM height images of the films with 1% of Mn-based catalyst abc) and 2% Mn-
based catalyst def) after 1 day of curing at 23ºC and 55% relative humidity. For each system, 
the left image was performed close to air-film interface, the second in the middle of the film and 
the right image close to the film-substrate interface 
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Close the air-film interface Middle of the film Close the film-substrate 
interface 
a) b) c) 
   
d) e) f) 
   
g) h) i) 
   
Figure II-2: AFM height images of the films with 0.25% of Mn-based catalyst abc),1% of Mn-
based catalyst def) and 2% of Mn-based catalyst ghi) after 3 days of curing at 23ºC and 55% 
relative humidity. For each system, the left image was performed close to air-film interface, the 
second in the middle of the film and the right close to the film-substrate interface 
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Close the air-film interface Middle of the film Close the film-substrate 
interface 
a) b) c) 
   
d) e) f) 
   
g) h) i) 
   
Figure II-3: AFM height images of the films with 0.25% of Mn-based catalyst abc),1% of Mn-
based catalyst def) and 2% of Mn-based catalyst ghi) after 8 days of curing at 23ºC and 55% 
relative humidity. For each system, the left image was performed close to air-film interface, the 
second in the middle of the film and the right image close to the film-substrate interface 
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Close the air-film interface Middle of the film Close the film-substrate 
interface 
a) b) c) 
   
d) e) f) 
   
g) h) i) 
   
Figure II-4: AFM height images of the films with 1% Mn-based catalyst solely abc),and Zr-
based catalyst def) and Ca-based catalyst ghi) after one day of curing at 23ºC and 55% relative 
humidity. For each system, the left image was performed close to air-film interface, the second 
in the middle of the film and the right image close to the film-substrate interface 
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Close the air-film interface Middle of the film Close the film-substrate 
interface 
a) b) c) 
   
d) e) f) 
   
g) h) i) 
   
Figure II-5: AFM height images of the films with 1% Mn-based catalyst solely abc),and Zr-
based catalyst def) and Ca-based catalyst ghi) after 8 days of curing at 23ºC and 55% relative 
humidity. For each system, the left image was performed close to air-film interface, the second 
in the middle of the film and the right image close to the film-substrate interface 
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II-2. Film of pure cured alkyd 
 




Appendix III. Supporting information for  
Chapter 6 
 
III-1. Zeta potential of solutions of CNCs with AIBA 
 
Figure III-1: Data from Figure 2 of the main manuscript showing the zeta potential of different 
solutions of cellulose nanocrystals with variation of 2,2′-Azobis(2-methylpropionamidine) 
dihydrochloride plotted as a function of CNC/AIBA charge ratio. 
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Figure III-2:  a) TEM image of particles from latex L0 (scale bar: 500 nm) and b) Particle size 
distribution 
  




























Figure III-3: TEM images of CNCs stabilized particles from latex L2 (scale bar: a): 500 nm, and 
b) 100 nm) and c) Particle size distribution  
































Figure III-4: TEM imagess of CNCs stabilized particles from latex L7 (scale bar: a): 500 nm, 
and b) 100 nm) and c) Particle size distribution 
  







Figure III-5: a) TEM image of CNCs stabilized particles from latex L9 (scale bar: 500 nm) and 
b) Particle size distribution 
 
Figure III-6:  TEM image of CNCs stabilized particles from latex L6 (scale bar: 500 nm) 
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Table III-1: Characteristics of the latexes and blends used 









CNCs (wbm %) 20 18 13.3 10 6.66 0 
Particle size per number (dn, 
nm) 
160     417 
Particle size per weight (dw, 
nm) 
233     433 
Polydispersity (dw/dn) 1.45     1.04 
Tg (ºC) 35 29 28 28 25 18 
Zeta potential (mV) -31 -32.5 -33 -29.7 -21.4 42.1 
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III-3. Film properties 
 
Figure III-7: Themogravimetric analysis curves of the films dried at 65 ºC for 24h 




Figure III-8: DSC and first derivative showing the variation in glass transition temperature. for 
the films cast from latex L0 , L5 and their blends.
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List of acronyms and abbreviations 
 
µ viscosity 
A interfacial area  
AA acrylic acid 
AFM atomic force microscopy 
AIBA 2,2′-Azobis(2-methylpropionamidine) dihydrochloride 
AIBN azobisisobutyronitrile 
AM acrylamide 
AsAc ascorbic acid 
BA butyl acrylate 
BCN bacterial cellulose nanocrystals 
BMA butyl methacrylate 
Ca calcium 
CeO2 cerium oxide 
CHDF capillary hydrodynamic fractionation chromatography  
CNCs cellulose nanocrystals 
cryo-TEM cryogenic transmission electron microscopy 
ᴆ polydispersity index 
D0 diffusion coefficient 
DG degree of grafting 
DLS dynamic light scattering 
DMAB dodecyltrimethylammonium bromide 
dn particle size per number 
DSC differential scanning calorimetry 
DVB divinylbenzene 




E evaporation rate 
F force 
Fadh adhesion force 
FCC face centered cubic 
FF7 disodium hydroxysulfinoacetate 
fm extent of mixing of polymer chains 
G shear rate 
GC gas chromatography 
GPC gel permeation chromatography 
H  wet-thickness - dry thickness 
HDC hydrodynamic chromatography  
HR-TEM high-resolution transmission electron microscopy 
I inorganic material 
k boltzman constant  
KOH potassium hydroxide 
KPS potassium persulfate 
LA Blank latex with anionically charged particles 
LLC Blank latex with large cationically charged particles 
LSC Blank latex with small cationically charged particles 
M  monomer 
MFFT minimum film formation temperature 
MMA methyl methacrylate 
Mn number average molecular weight 
Mn manganese 
Mw weight average molecular weight 
NaHCO3 sodium bicarbonate 
Na-MMT sodium montmorillonite  
OsO4 osmium tetroxide 
P polymer 
Pa Pascal 
 List of acronyms and abbreviations 
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PBA poly (butyl acrylate) 
PDMS polydimethylsiloxane 
Pe  Peclet number 
PET polyethylene terephthalate 
PF-QNM peakforce - quantitative nanomechanical mapping 
PMMA poly(methyl methacrylate) 
ppm parts-per notation 
PS polystyrene 
PSD particle size distribution 
PVC pigment volume content 
QDs quantum dots 
R radius 
RDB resin double bonds 
RDG resin degree of grafting 
RuO4 ruthenium  tetroxide 
S styrene 
SA stearyl acrylate 
SC solids content 
SDS sodium dodecyl sulfate 
SEM scanning electron microscope 
T temperature 
t diff time for diffusion 
t evap time for evaporation 
TBHP tert-butyl hydroperoxide 
TEM transmission electron microscope 
Tg glass transition temperature 
THF tetrahydrofuran 
TiO2 titanium dioxide 
UV Ultra visible 




W aqueous phase 
wbm weight based on monomer 
wbop weight based on oil phase 




γ interfacial tension 
 
 
